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INTRODUCTION:

Tyrosine kinases, while a minor class of protein kinases, represent a major class of
oncogenes. They are involved in the growth and metastasis of prostate cancer cells (for examples, 1-
3)and play key roles in tumor sensitivity to radiation and chemical-induced apoptosis. They are
valuable prognostic markers and important targets for intervention (2,4). Kinase inhibitors have
recently shown tremendous efficacies and promises in the treatment of human cancers (for reviews
see 7 and 8; 9,10). Thus, there is a need to identify the tyrosine kinases expressed in a cancer cell,
especially the differentially expressed ones. It has been estimated that there are about 1000 to 2000
protein kinases encoded by the human genome and about 100 of them (i.e., 10%) are tyrosine
kinases (6). With nearly all the human genome sequences determined, we now have an accurate
count of the number of tyrosine kinases encoded by human genome. In a recent Oncogene review
written by my graduate students and postdoctors (24), we showed that there are human 90 tyrosine
kinase genes and 6 pseudogenes. In a given cell at a given stage, 30 to 50 of them are expressed, a
number that is large enough to give tissue or tumor specific characteristics, but small enough to be
determined by a simple screen. The present proposal describes an innovative and effective means to
display expressed tyrosine kinases of a given prostate cancer cell type, using a single RT-PCR
reaction and analyzed by a single gel. Aberrantly expressed or novel tyrosine kinases can be readily
identified. There are two major tasks of this proposal:
1. To develop a complete tyrosine kinase display of prostate carcinomas.
2. To identify tyrosine kinases expressed in responses to hormones, drugs and extracellular stimuli.

BODY OF PROGRESS REPORT (April, 1999 to Oct. 2001)
Task 1: To develop a comprehensive tyrosine kinase display of prostate cancer cells.
Comprehensive tyrosine kinase profiles of prostate cancer cells

We have made significant progress toward this aim. A comprehensive, if not exhaustive,
analysis of the tyrosine kinase content of 5 prostate cancer cell lines, LNCaP, CWR22R, DU145,
PC3 and MDA-Pca2b, TsuPrl has been done. MLCSV40 was used as a control for normal prostate
epithelial cells, so were PrSC (prostate stromal cells) and PrEC (prostate epithelial cells), normal
primary cultures purchase from Clonetics. In addition, we developed the tyrosine kinase profiles of
three androgen-independent LNCaP variant cell lines (cdsl to 3), derived by our colleague Dr.
Xubao Shi. These profiles provide enormous amount of information about signal pathways, as
tyrosine kinases are key transmitters of signal transduction. We found that each cell, cancer or
normal, generally expresses about 30 to 40 tyrosine kinases, many of which have potential to interact
or crosstalk with each other to form a signal network. It expresses a total of 34 tyrosine kinases, of
which 21 are receptors and 13, non-receptors. The receptor tyrosine kinases include erbB1, erbB2,
erbB3, ephAl, ephB1, ephB2, ephB3, ephB4, Nyk, Sky, Ddr1, Ddr2, PDGFRb, FGFR1, FGFR2,
IGFR, MET, Ron, Ret, TrkA, and VEGFR. The non-receptor tyrosine kinases are src, fyn, yes, brk,
frk, csk, etk, abl, arg, jak1, tyk2, fak, and pyk2. We also conducted a microarray analysis (UA95,
Affymetrix) of the same sample, and found that the tyrosine kinase display approach described here
is much more sensitive for low-copy number tyrosine kinases.
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In general, the androgen responsive prostate cell lines display a pattern more similar to each
other than to androgen-independent cell lines. For instance, FGFR4 is expressed in androgen-
independent DU145 and PC3, but not in LNCaP and CWR22R. Likewise, ErbB3 is highly expressed
in androgen dependent lines LNCaP and CWR22, but much less in DU145 and PC3. By contrast,
Axl kinase is suppressed in LNCaP and CWR22, but not in DU145 and PC3. These data, taken
together raise the possibility that some of the kinases such as Axl, RON and FGFR4 may be
involved in androgen independence, whereas ErbB3 may be involved in differentiation phenotype
(as both DU145 and PC3 are more undifferentiated). This is consistent with the our previous results
that treatment of LNCaP by neuregulin or heregulin , the ligand for erbB3 induces cell spreading,
stress-fiber formation and the acquisition of a more epithelial-differentiation phenotype (19). In
collaboration with Ming-Chie Hung’s lab, the tyrosine kinase display approach was used to study
kinases that are involved in breast cancer progression. Interestingly, a kinase that is expressed in
cancer cells resistant to apoptosis, but suppressed in E1 A transfected cells, which undergoes
apoptosis turns out to be Axl (11). These results taken together suggest that Axl may be involved in
the protection of hormone-sensitive cancer cells from hormone-withdraw induced death. Without
Ax], the cancer cells (LNCaP, CWR22 and E1A treated breast cancer cells) remain highly sensitive
to hormone. Conversely, overexpression of Axl may be one reason why these cells become
hormone independent. Further pursuit of the relationship of Ax1 and hormone independence seems
to be warranted. In addition, perhaps non-coincidentally, Mer/Nyk, the kinase found overexpressed
in prostate cancer but not normal cells is a relative of Ax1. Based on a comparison of the tyrosine
kinase profiles of normal prostate cells, PrSC and PrEC with all other cancer cell lines reveal that
Nyk/Mer is consistently expressed at a higher level. Nyk/mer is a kinase originally cloned by us (16,
18) and independently Dr. Earp’s lab at UNC, Chapel Hill (17). We showed previously that Nyk has
a high transforming potential (16), consistent with its being involved in prostate cancer progression.
We also found that the third member of this family of receptor tyrosine kinase, Sky, is also
overexpressed in prostate cancer cells. These kinases as a family are generally involved in cell
adhesion and cell movement. DU145 and PC3, in which Ax! and Sky are highly expressed are
known to be involved in cell motility and invasion. The involvement of this family of kinases in
metastasis of prostate cancer deserves future attention.

* the complete tyrosine kinase profiles of prostate cancer cells are being included in a
manuscript under preparation to be submitted to Nature Medicine

Validation and characterization of the tyrosine kinases uncovered by TK profile

As described in the previous progress report, our task in the last year of the grant period was
to validate the expression of the tyrosine kinases uncovered in the tyrosine kinase profiles of prostate
cancers. As described above, the Axl family kinases will be a focus and the other one is Etk, which
was originally cloned from CWR22 cells and shown to be critically involved in prostate biology.
Due to the limited time remained in the grant, we chose to focus on Etk.

The first novel kinase uncovered based on tyrosine kinase profiles is Etk (25,26). Because of
its relevance to prostate growth and biology, we made a conscious effort to study this kinase and set
up a number of productive collaborations to fully characterize this kinase. Etk is a new member of
the Btk family of kinases (27), which distinguish themselves from others by having a pleckstrin-
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homology (PH) domain at the N-terminus (27,28,29,30). Btk was uncovered as a kinase whose germ-
line mutation leads to defects in B-cell development or Bruton’s syndrome. Soon after, ITK and Tec,
the other members of this family were discovered and found to be critical in T cell development. Etk
is the newest member of this family. Unlike, Btk, Itk and Tec which are primarily associated with
hematopoietic cells, Etk is predominantly expressed in epithelial and endothelial cells, (and hence the
name Etk).

Our progress on Etk is summarized as follows. We showed that Etk plays an important role in
antiapoptosis, motility and neuroendocrine differentiation of CaP cells (25,31). It transforms
epithelial cells when overexpressed and its expression is elevated in metastatic cancer cells (32). The
reason that Etk can engage several signal pathways is likely due to its modular structure allowing it to
form complex with a large number of signal molecules. In addition to the PH domain, Etk contains a
SH3 domain and a SH2 domain, all involved in protein-protein interaction (27). The PH domain also
binds lipid, PI (3,4,5) P3. In the unbound form, the PH domain negatively regulates Etk activity.
Removal of the PH domain by caspase cleavage (33) or its binding to proteins such as PTPD1 (34)
and FAK (31) all result in “opening” up the kinase domain. This allows Src-like kinases to
phosphorylate tyrosine residue 566, leading to maximal activity (32,35). The attached figure
illustrates how FAK can activate Etk by serving as an anchor site for both Etk and Src.

We know very little about the downstream effectors of Etk. Our work and our collaborators’
work have identified STATI, 3, and 5 as direct substrate of Etk, and can account for the activation of
cyclin D and p27 by Etk. In addition, PAK, p21-activated kinase, is also a direct substrate of Etk.
PAK is known to activate JNK and p38 MAPK pathways (36). By analogy to other members of the
Btk family members, likely there are more effectors to be discovered in the future.

As one of the objectives to validate the functional significance of discovered new tyrosine
kinases, we asked the question whether Etk is involved in prostate cancer progression, especially at
the stage of transition from androgen dependence to independence. Based on the tyrosine kinase
profiles, we know that src, FAK and Etk are all expressed in LNCaP, an androgen-dependent prostate
cancer cell line. From our work as well as others, we know that Fak associates with both Src and Etk
but at different sites. There has been considerable interest in understanding whether neuroendocrine
differentiation of prostate epithelial cells plays an important role in prostate cancer progression. The
number of neuroendocrine cells increases in advanced prostate cancers and serum chromograinin and
neuropeptide level is higher in androgen-independent prostate cancers. The latter molecules are
markers of neuroendocrine differentiation. Gastrin-releasing peptide (homolog of amphibian
bombesin) and neurotensin are neuropeptides released by neuroendocrine cells after trans-
differentiated from prostate epithelial cells. Bombesin is known to activate src and Fak, through G-
protein coupled receptors. We therefore investigated whether Etk, or the Src-Fak-Etk complex, is
involved in the transition between androgen-dependence to independence. Our hypothesis is that
neuropeptides such as bombesin and neurotensin can under certain circumstances substitute for
androgen, and their signals through tyrosine kinases activate androgen receptor (in the absence of
ligand). Our study in the last year provided strong evidence for this hypothesis. Taking advantage of
our precise knowledge of the variety of tyrosine kinases in LNCaP, we studied the activation of the
10 non-receptor tyrosine kinases (the antibodies of the remaining three are not of high quality and the
results were inconclusive) upon bomebsin treatment, and found indeed Src, Fak and Etk are
prominently activated. We then showed that bombesin can substitute androgen to sustain the growth
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of LNCaP in charcoal-stripped media and thus can serve as a progression factor, converting LNCaP
from androgen-dependent to independent state. This conversion requires Etk, FAK and Src, as
dominant-negative mutants of these kinases or selective inhibitors of these kinases block this
conversion. Our results uncover one mechanism whereby androgen-independence can be achieved
and suggest that tyrosine kinase inhibitors, which have shown significant promises in cancer
treatments, may be used in conjunction with anti-hormone in the treatment of prostate cancer.
Importantly, these results illustrate the utility of tyrosine kinase profiling and verify the expression
analysis.

*The results will be published in Mol. Cell Biol. 2001, in press.

Other results Using Cy3 and Cy5-dCTP (Amersham) during the reverse-transcription-polymerase-
chain reaction, we have done a systematic analysis of using capillary electrophoresis to study the
digestion profile, in an effort to automate the display. The results are clear and promising. However,
we also found that the quantitation is not as good as phosphoimaging of the autoradiogram. The
intensity range using fluorescence is relatively small. Thus this approach will allow us to identify
the types of kinases in a sample with high throughput set up, but the quantitation or the expression
level measurement will be compromised. We have also surveyed 5 tumor specimens with matched
normal control samples. We face the same problems as others dealing with microarray analysis; the
heterogeneity of the samples makes the interpretation difficult. We are anxiously waiting to improve
the signal amplification approach so that laser-dissected samples can be used. Thus far, the results
have not been promising.

Task 2: To Identify tyrosine kinases expressed in responses to hormones, drugs and
extracellular stimuli.

Androgen treatment With androgen treatment, we have identified a novel kinase AIK
(androgen induced kinase), the human homolog of rat MAK (male associated kinase) that is
activated about 6 fold at the transcriptional level (20, 23). A full-length cDNA was cloned and used
to study its expression level. The expression of this kinase is restricted to testis and hence the term,
male-associated kinase. Normal prostate tissues do not express this kinase at a high level nor do the
cancer tissues. However, after androgen treatment, the expression level of this kinase becomes
higher. To confirm this observation, a real-time PCR was used to quantify the level of MAK in
LNCaP cell line after androgen treatment. Real time PCR is a recently developed approach, which
permits precise quantitation of the RNA concentration by monitoring the reaction kinetics of the
PCR, thus making PCR quantitative (21). Our lab has a Biorad, iCycler instrument, which allows
us to conduct such an analysis. Briefly, specific primers that can amplify MAK transcripts are used
to generate RT-PCR products. The thermocycle at which the reaction reaches 50% yields the rate of
reaction, which is proportional to the initial concentration of the transcript. Different concentrations
of DHT (synthetic androgen) were used and the results are summarized in Fig. 3. The induction is at
the highest level when 10 nm DHT is used; higher or lower concentrations all have less potency.
There are two conclusions drawn from this result. First, it is clear from this quantitative analysis that
MAK expression is induced by DHT, confirming the tyrosine kinase display results, and attests to
the sensitivity of the display approach (the expression level of MAK is so very low, beyond the
detection by standard Northern analysis). Second, the dose response curve of MAK induction
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parallels that of the growth response, indicating that MAK may be involved in mediating DHT
induced growth of LNCaP cells. To our knowledge this is the first protein kinase, which is induced
by androgen at the transcription level. Together with the recent finding that androgen signals
induces MAP kinase (22), this result strengthens the hypothesis that androgen receptor signaling
may involve kinase and phosphorylation cascade. It will be of great interest to study the kinases
involved in such as cascade. It is conceivable that deregulation of some of these downstream
kinases may account for androgen-independent growth. Inhibition for these kinases could either
terminate the constitutive signals or restores the hormone-sensitivity. Thus, there is a great need to
understand the nature and the mechanisms of action of MAK. From the structural data, we know
this kinase is in the dual-kinase family (i.e., sequences are similar to kinases which phosphorylate
both serine/threonine and tyrosine residues). The catalytic domain carries motifs analogous to both
MAPK and cdc2. We also know now that there are two other related kinases in the same family.
They are MRK and MOK. MOK is also testis specific, but does not seem to be induced
transcriptionally by androgen; MRK is ubiquitously present in many tissues.

Growth induction: In the original proposal, we also wished to test whether growth
conditions would alter the tyrosine kinase expression profiles. We did a careful analysis of the cell
density effect on the expression profiles. There are two reasons to conduct this type of experiment;
first, when the cells reach certain density, they usually slow down their growth and the tyrosine
kinase profile may identify kinases involved in this process. Second, the increased density facilitates
cell-cell communication and we may be able to identify kinases that respond to cell-adhesion
signals. Tsu-Prl cell line was used to test how cell-cell communication may affect the kinase
expression. Cells grew to 30%, 70%, 100% or >100% (i.e., piling up) confluency were used. An
example is given on the right panel of Fig. 1., where RNA isolated from Tsu-Pr1 cells grown to
different density was subject to RT-PCR and restriction digestion. The kinases and their expression
level were identified as before. We found that the expression of most of the kinases was not
affected by cell density. There are however, a few interesting exceptions. The expressions of EGFR
and FGFR3 decrease, as cell density increase, whereas those of RON and JAK3 increase. It would
be of interest to define the nature of the cell-cell communication that mediates this transcriptional
regulation and to understand the roles of the above kinases in regulating growth and senescence.
This project is ongoing and will be extended to the next grant period.

Validation and characterization of kinases induced by ligands

As in task1, we have focused on defining the functional significance of the uncovered
kinases based on TK profiling in the last year of the grant period. We wish to demonstrate
that increased expression of MAK by androgen treatment as detected by TK profiling is not
an artifact or a peculiarity of LNCaP cells. To this end, To this end, we isolated a 4 kb
5’flanking segment containing the promoter of MAK gene from a BAC library of human
genome. A luciferase reporter gene is linked to the promoter and transfected into LNCaP
cells, followed by treatment with DHT at different concentrations and at different time
points. The results completely confirm the tyrosine kinase profile result in that the MAK
promoter is activated about 6 fold at 1 nM of DHT. The kinetics of induction and the dose-
response curves coincide with those obtained by real time RT-PCR. These results verify the
sensitivity and accuracy of the TK profiling approach and also suggest that the induction by
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hormone is primarily at the transcription stage. Within the promoter, there are several ARE
(androgen responsive element) and ARR (androgen responsive related element), potential
binding sites for androgen receptor. Ongoing experiment investigates whether these
elements are responsible for the induction. If so, this is a gene directly targeted by androgen
receptor, a transcriptional factor, which can serve as another indicator for androgen receptor
activity in prostate cancer cells. We also made significant stride in understanding the possible
role of MAK in androgen signaling. Our hypothesis is that this kinase would facilitate the
transcriptional activity of androgen receptor by phosphorylating either the receptor itself or
coregulators associated with the receptor. We found that MAK directly associated with AR.
Whether it phosphorylates AR and other coactivators remain to be established. Again, these
are extremely interesting leads that may shed lights into androgen signaling pathways and
attests to the power of the tyrosine kinase profile approach.

* A manuscript on the discovery of MAK and its transcriptional activation by DHT is
being written up for submission to J. Biol. Chem.

Other results

We have conducted an extensive analysis of possible tyrosine kinases transcriptionally
regulated by cytokines, apoptosis inducing agents, growth factors, and hormones. While
subtle variations have been observed, in general, most of the tyrosine kinases are not
regulated at the transcriptional level, which is consistent with their activation by
phoshorylation and posttranslational modifications. As reported above, we did identify at
least one, MAK, which is consistently upregulated by DHT and confirmed it is at the
transcriptional level by the isolation of the promoter. Our results on density-dependent
activation of tyrosine kinases are interesting. Unfortunately, the cell line we used to study
the density dependence, Tsu-prl, turns out to be of bladder origin as recently uncovered by
Dr. Gary Miller’s lab. While this does not diminish the finding, but it becomes less relevant
to this proposal.

KEY RESEARCH ACCOMPLISHMENTS

¢ Established comprehensive tyrosine kinase profiles for 10 prostate cancer cell lines (LNCaP,
CWR22, CWR22R, DU145, PC3, Tsu-Pr1, MDA-PCA2b, cdsl, cds2, cds3), one immortalized
prostate epithelial cells (MCSV40), and two primary prostate cultures of stromal and epithelial
cells.

¢ Identified several kinases whose expressions vary among androgen-dependent and —
independent cell lines.

¢ Uncover tyrosine kinase Etk and its critical role in androgen-independent growth associated
with neuroendocrine differentiation.

¢ Discovery of a new kinase whose expression is induced by DHT, an androgen analogue.

¢ Uncover the dual kinase MAK and shown that it’s promoter is transcriptionally activated by
DHT, and that it associates with androgen receptor and enhances the transcription by androgen
receptor.

¢ The tyrosine kinase display approach developed here has now been used by at least 10
laboratories, which resulted in the identification of at least six tyrosine kinases as potential
tumor markers for colon cancer, gastric cancer, breast cancer and EBV-transformed cells.
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REPORTABLE OUTCOMES
Hsing-Jien Kung, Clifford G. Tepper, and Ralph W. deVere White. Tyrosine kinases and cellular
signaling in prostate cancer (2000) pp241-266 Prostate Cancer: Biology, Genetics and the
New Therapeutics ed. by Chung L.W K, Isaacs W.B., and Simons J. W.. Human Press Inc.,
Totowa, NJ
Yun Qiu and Hsing-Jien Kung. Signaling network of the Btk family kinases (2000) Oncogene
19:5651-5661.
Li-Fen Lee, Junlin Guan, Yun Qiu and Hsing-Jien Kung. Neuropeptide-induced androgen
independence in prostate cancer cells: the roles of non-receptor tyrosine kinases Etk/Bmxc,
Src and FAK. (2001) Molecular Cell Biology, 21(24) Dec.

CONCLUSIONS

The conclusion of this proposal has led to the identification of an androgen inducible kinase
MAK, which enhances the transcriptional activity of androgen receptor and is associated with
androgen receptor. This kinase promises to play a key role in androgen signalings and may be
involved in prostate cancer progression. The results of this proposal also uncovered a new tyrosine
kinase Etk, involved in neuroendocrine differentiation and neuropeptide-induced androgen
independence. This kinase forms a complex with src and FAK, and is critically involved in
antiapoptosis and cell motility. In addition, the tyrosine kinase profile approach has led to the
discovery of at least one member of the Ax! family of kinases (e.g., Ax], Nyk or Sky) is
overexpressed in prostate cancers. These kinases are known to be involved in antiapoptosis and cell
migration. They are potential targets for inhibition. The tyrosine kinase display approach
developed by this proposal offers an efficient and rapid approach to identify the content and
quantities of tyrosine kinases. Since tyrosine kinases are master switches controlling a variety of
cellular responses including growth, apoptosis, differentiation, migration, metastasis, chemo- and
radio-sensitivity, knowledge about the kinases involved opens avenues to 1). Understand the
complex signal pathways; 2). Design strategies for modulating the behavior of cancer cells; 3)
Sensitize cancer cells toward chemo- and radiotherapies; 4) Develop inhibitors for kinases or
associated signal molecules to inhibit cancer cell growth. 5) Develop agents that may restore
hormone-dependence or eliminate hormone-independent cells. As described, the protocol of our
approaches have already been shared with al least 10 labs, resulting at least 8 publications by
various labs.
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ACRONYMS:

ARE
ARR
Axl
BAC
BTK
CDC2
cdsl
CWR-22R
CY3
CY5
DHT
DU145
El1A
EGFR
ErbB3
Etk
Fak
FGFR3
FGRF4
Itk
JAK3
JNK
kb
LNCaP
MAK
MDA-PCA2b

Mer/Nyk

MLCSV40
MOK
MRK

NM
P38MAPK
PAK

PC3

PCR

PH
PI(3,4,5)P3
PrEC
PrSC
PTPD1
RNA

Ron
RT-PCR
SH2

SH3

Sky
STATI
Tec

TK

TsuPrl

Androgen-responsive element
Androgen-related responsive element

An oncogene derived from leukemia
Bacterial artificial chromosome

Bruton’s syndrome tyrosine kinase

#2 gene required for cell division cycle

Cell line derived from Charcoal-deprived serum
Case Western Reserve #22 relapsed cell line
A fluorophore #3

A fluorophore #5

Dihydroxytestosterone

Duke University #145 cell line

Adenovirus early 1A gene

Epidermal growth factor receptor
Erythroblastosis type B #3 oncogene
Epithelial and endothelial tyrosine kinase
Focal adhesion kinase

Fibroblast growth factor receptor #3
Fibroblast growth factor receptor #4
Interleukin-induced tyrosine kinase

Janus kinase #3 or just another kinase #3
Jun N-terminal kinase

Kilo base

Lymph node carcinoma of Prostate cancer cell line
Male-associated kinase

MD Anderson prostate cancer cell line #2B
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A tyrosine kinase gene with the name of Monocyte Erythrocyte and Reproductive

tissues/N-CAM related tyrosine kinase

A normal prostate epithelial cell line immortalized by SV40 genome

MRK-related kinase

MAK-related kinase

Nanomolar

p38- mitogene activated protein kinase
p21-activated kinase

Prostate Cancer #3 cell line

Preliminary chain reaction
Pleckstrin-homology domain
Phosphatidylinositol triphosphates

Normal prostate epithelial cells

Normal prostate stroma cells

Protein tyrosine phosphotase #D1
Ribonucleic Acid

A proto-oncogene

Reverse transcription-polymerase chain reaction
src homology #2 domain

src homology domain

A tyrosine kinase in the family of AxI

Signal transducer and activator of transcription #1
A tyrosine kinase in the BTK family
Tyrosine Kinase

Prostate cell line #1, derived from Tsu tumor
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Jak tyrosine kinases and STAT transcription factors are essential components
in signal transduction through hematopoietic cytokine receptors. The Jak2 ty-
rosine kinase is critical in signaling through e.g. EPO and IFN-y receptors.
Constitutive activation of Jak2 due to a chromosomal translocation has been
reported to result in leukemia and cytokine independent growth. Members of the
Jak tyrosine kinase family share a conserved tandem kinase domain structure. A
tyrosine kinase domain is located in the C-terminus and preceded by a pseudoki-
nase domain. The pseudokinase domain has sequence simitarity to kinase do-
mains, but its function is currently unknown. Since appropriate regulation of the
Jak? kinase is essential for normal ceflular behavior, we analyzed the roles of the
different protein domains of Jak2 in its activation. A series of Jak2 deletion
constructs was expressed in 283T cells, where activation of Jak2 is ligand-
independent. Deletion of the pseudokinase domain activated Jak2 markedly,
whereas deletions in the N-terminal region did not affect the activity of Jak2.
Deletion of the pseudokinase domain of Jak2 resulted also in enhanced activation
of Stat5. Deletion of the kinase domain resulted in catalytically inactive Jak2. This
detetion construct co-immunoprecipitated with and inhibited the activity of the
co-expressed kinase domain. This inhibition required the presence of the
pseudokinase domain. Furthermore, complementation of a Jak2-deficient cell line
with a Jak2 mutant lacking the pseudokinase domain deregulated IFN-vy signaling
and caused constitutive ligand-independent activation of Stat1. These results
suggest that the pseudokinase domain plays an important role in regulation of
Jak? activity in the absence of cytokine stimulation.

#1603 PKC{ INHIBITS GROWTH FACTOR INDUCED PHOSPHORYLA-
TION AND ACTIVITY OF THE PKB/AKT REGULATOR OF CELL VIABILITY. M
Mao, X -J Fang, Y Lu, B Cuevas, and G B Mills, Univ of Texas MD Anderson
Cancer Ctr, Houston, TX

The PKB/AKT serine/threonine kinase located downstream of phosphatidylino-
sito! 3-kinase (PI3K), is a major regulator of cellular survival. This anti-apoptotic
activity is mediated, at least in part. by the regulation of BAD, caspase-9,
GSK3a/B, forkhead and p70S6Kinase. PKC¢, which is also located downstream
of PI3K, has previously been shown to inhibit PDGF-induced activation of PKB.
To determine whether PKC{ may regulate signaling through the PI3K pathway, we
explored the effect of overexpression of PKC{ and inhibitors of PKC on phos-
phorylation and activity of AKT. Following transfection, epitope-tagged PKC{ and
PKB could be coprecipitated from the breast cancer cell line BT-549, indicating
that PKC{ physically associates with PKB. The association of PKC¢ and PKB was
increased following EGF stimulation. EGF treatment resulted in an increase in
phosphorylation of PKB on Ser473 and an increase in PKB activity. This increased
phosphorylation and activity of PKB was reversed by expression of PKC{. PKC{
did not reverse basal PKB phosphorylation suggesting that activation of PKG{
following EGF treatment is required for this function of PKC{ to be manifest.
Compatible with a role of PKC in regulation of PKB phosphorytation and activity,
the potent PKC inhibitor Ro-31-8220 induced phosphorylation and increased the
activity of PKB. This effect of Ro-31-8220 was associated with a translocation of
phosphorylated PKB to the cell membrane and of PKC{ from the cell membrane
to the cytosol compatible with PKC{ being the target of Ro-31-8220. Thus PKC¢
and potentially other PKC isozymes inhibit EGF mediated PKB phosphorylation
and activation consistent with a generalized role in limiting growth factor medi-
ated signaling through PKB.

#1604 THE PHOSPHOINOSITIDE 3-OH KINASE/AKT2 PATHWAY AS A
CRITICAL TARGET FOR FARNESYLTRANSFERASE INHIBITOR-INDUCED
APOPTOSIS. Jin Q Cheng, K. Jiang, D. Coppla, N. C Crespo, S. V Nicosia, A. D
Hamilton, and S. M Sebti, Univ of South Florida, Tampa, FL, and Yale Univ, New
Haven, CT

Farnesyltransferase inhibitors {FTlIs) represent a novel class of anticancer drugs
that exhibit a remarkable ability to inhibit malignant transformation without toxicity
to normal cells. However, the mechanism by which FTls inhibit tumor growth is
not well understood. Here, we demonstrate that FTi-277 inhibits phosphoinositide
3-OH kinase (P! 3-kinase)/AKT2 mediated growth factor- and adhesion-depen-
dent survival pathways and induces apoptosis in human cancer cells that over-
express AKT2. Furthermore, overexpression of AKT2, but not oncogenic H-Ras,
sensitizes NIH 3T3 cells to FTI-277; and a high serum leve! prevents FT1-277-
induced apoptosis in H-Ras- but not AKT2-transformed NIH 3T3 cells. A consti-
tutively active form of AKT2 rescues human cancer cells from FTI-277-induced
apoptosis. FT1-277 inhibits IGF-1-induced Pl 3-kinase and AKT2 activation and
subsequent phosphorylation of the pro-apoptotic protein BAD. Integrin-depen-
dent activation of AKT2 is also blocked by FT1-277. Thus, a mechanism for FTI
inhibition of human tumor growth is by inducing apoptosis through inhibition of PI
3-kinase/AKT2-mediated cell survival and adhesion pathway.

#1605 MAP KINASES IN PROSTATE CANCER. Aarti R Uzgare, and N. M
Greenberg, Baylor Colf of Medicine, Houston, TX

We have previously demonstrated that specific changes in growth factor sig-
naling correlate with the genesis and progression of prostate cancer in the
autochthonous transgenic mouse model-TRAMP. In this study, we have charac-
terized the expression and phosphorylation state of 3 members of the MAPK
family, namely the Erks, Jnks and p38-MAPKs during the progression of prostate
cancer in the TRAMP model. These MAPK molecules are known to integrate
multiple signaling pathways as well as regulate processes central to tumorigen-
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esis, such as proliferation, survival and migration. As a result of these studies, we
have determined that P38MAPK is activated in prostatic intraepithelial neoplasia
(PIN) as weli as in moderately and well differentiated adenocarcinomas. Immu-
nohistochemistry locatized phospho-p38MAPK exclusively to the prostatic epi-
thelium rather than the stromal compartment. Furthermore the activated
p38MAPK was found in the cytoplasmic and nuclear compartments of PIN
samples and in the nuclear compartment of well and moderately differentiated
adenocarcinomas. In contrast, P38MAPK was not found to be activated in poorly
differentiated adenocarcinomas obtained from intact or castrated TRAMP mice
nor in metastatic deposits in the lymph nodes. Phospho-P38MAPK was com-
pletely absent in late stage tumors and metastases. These results suggest that
the expression and activation of p38MAPK plays an important role in the initiation
and/or early progression of prostate cancer and furthermore demonstrates that
loss of activated p38 may serve as a novel diagnostic marker of prostate cancer
progression.

#1606 AIK, A NOVEL ANDROGEN-INDUCIBLE KINASE, IDENTIFIED BY
TYROSINE KINASE DISPLAY OF PROSTATE CANCER CELLS. Liang Xia, Dan
Robinson, Hua-Chien Chen, Ai-Hong Ma, and Hsing-Jien Kung, Nhri, Taipei,
Taiwan, and UC Davis Cancer Ctr, Sacramento, CA

Our taboratory is interested in studying tyrosine kinases and signal transduction
pathways involved in prostate growth. We have developed an effective tyrosine
kinase display method that allows us to describe all or nearly all tyrosine kinases
using a single ge! with a single RT-PCR reaction. The complete tyrosine kinase
profiles of several widely used prostate cancer cell lines were obtained. This
method, with its exquisite sensitivity, also permits the identification of kinases
differentially expressed in prostate cancer cells, treated with or without hormone.
We report here the identification of a novel, androgen-inducible kinase (AIK),
which is modulated by androgen at the transcriptional level. Northern blot analysis
revealed that AIK is specifically expressed in testis but not in other normal tissues
examined. This male associated kinase contains sequence motifs related to both
CDK and MAPK, and intriguingly, is focalized in the nucleus. A tantalizing hypoth-
esis is that AIK may be a downstream kinase, targeted by androgen action and
serves to transmit androgen signal. Experiments are underway to define the signai
pathways. 1. Robinson, D. et al, (1996), Proc Nat! Acad Sci U S A 93(12),
5958-5962

#1607 RHOA-INDUCED MURINE PROSTATE CANCER CELL GROWTH IS
MEDIATED BY PHOSPHATIDYLINOSITOL 3-KINASE (PI3K). Paramita M
Ghosh, Marissa L Moyer, Roble Bedolla, Margarita Mikhailova, and Jeffrey |
Kreisberg, UTHSCSA, Audie Murphy Veterans Admin Hosp, San Antoino, TX

To study the role of RhoA small GTPase in the growth of prostate tumor cells
derived from transgenic mice with adenocarcinoma of the prostate (TRAMP cells),
we developed cell lines stably expressing constitutively active RhoA{(Q63L)
(RhoA(QB3L) cells) or dominant-negative RhoA(T19N) (RhoA(T19N) cells) mutant
proteins. RhoA({Q63L) celis displayed enhanced actin stress fiber assembly and
grew at a faster rate than untransfected cells while the RhoA(T19N) cells dis-
played decreased growth and decreased actin stress fiber assembly. Myosin light
chain (MLC) was highly phosphorylated in RhoA(Q63L) celis but not in the
RhoA(T19N) cells. Treatment of RhoA(T19N) cells with the protein phosphatase 1
inhibitor okadaic acid resulted in actin stress fiber assembly and cell proliferation
while treatment of RhoA(Q63L) cells with ML-9, a specific inhibitor of MLK kinase,
induced growth arrest and actin stress fiber disassembly. This suggests that
RhoA's effect on proliferation is mediated by actin stress fiber assembly. FACS
analysis revealed that the growth of TRAMP and RhoA{Q63L) cells was inhibited
by the PI3K inhibitor LY 294002 and not by PD 98059, an inhibitor of the mitogen
activated protein kinase {MAPK) activator, MAPKK or MEK. RhoA(T19N) cells, on
the other hand, were growth inhibited by PD 98058 and not by LY 294002. In
addition, in cells expressing active RhoA, focal adhesion kinase (FAK) was acti-
vated and associated with PI3K, while in the absence of active RhoA, FAK/c-Src
complexes were observed. Furthermore, cells which displayed active RhoA
(TRAMP and RhoA(Q63L) cells) demonstrated activation of p70S6kinase while
RhoA(T19N) cells showed activation of Akt. This suggests that RhoA induced cell
proliteration is mediated by PI3K activation of p70Sékinase while in the absence
of active RhoA, FAK/c-Src association resufts in activation of the Ras/MAPK
signaling pathway for cell proliferation, as well as the PI3K cell survival pathway
(activated Ak).

#1608 THE ROLE OF MITOGEN ACTIVATED PROTEIN KINASE PHOS-
PHATASE-1 IN SPHINGOLIPID MEDIATED INHIBITION OF APOPTOSIS N
C3H10T1/2 CELLS. S Sianna Castillo, and Dorothy Teegarden, Purdue Univ,
West Lafayette, IN

Mitogen activated protein kinase (MAPK) phosphatase-1 (MKP-1) dephospho-
rylates and downregulates members of the MAPK family. Ceramine, a non-
metabolizable analogue of the sphingolipid ceramide, stimulates apoptosis via
stress activated protein kinase (SAPK), a MAPK family member. In the current
study, the role of MKP-1 in the inhibition of apoptosis by a ceramide metabolite,
sphingosine-1-P {SSP), was examined in C3H10T1/2 cells (1071/2). Initially,
10T1/2 cells were treated with 10 uM C8 ceramide (Cer), 10 uM C8 ceramine
(CN), 5 uM SSP, or a combination (CB) of 10 uM CN and 5 uM SSP for 12 hours
and apoptosis was assessed. CN treatment induced a 7 fold increase in apopto-
sis compared with vehicle control. SSP inhibited CN mediated apoptosis as CB
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Tyrosine Kinases and Cellular Signaling
in Prostate Cancer

Hsing-Jien Kung, PhD, Clifford G. Tepper, PhD,
and Ralph W. deVere White, MD

1. INTRODUCTION

There is very strong evidence that tyrosine kinases are involved in the growth and
metastasis of prostate cancer (65,152,165). Tyrosine kinases also play key roles in
modulating tumor sensitivity to radiation- and chemical-induced apoptosis. Thus, there
is hope that they may play an important role in the response of metastatic prostate
cancer to hormonal intervention as well as to other chemotherapeutic approaches (78).
Their potential importance as targets for intervention is indicated by the FDA approval
of the HER2/Neu-directed therapy, Herceptin, for breast cancer therapy and current
clinical trials investigating its effectiveness for prostate cancer (140). Presently,
because of screening, 80% of prostate cancers are found while still localized to the
gland. If we had the ability to determine which cancers would not metastasize, treat-
ment could be given on an individual basis. Presently, prostate specific antigen (PSA)
and tumor grade are the best markers we have. While being generally good clinical
indicators, they lack specificity for the individual patient. There are a number of indi-
cations that tyrosine kinases may be valuable as prognostic markers in these situations
(65,152,165).

It has been estimated that there are about 1000-2000 protein kinases in the human
genome; of these, 100 to 200 (i.e., 10%) are tyrosine kinases (59). At present, there are
85 human tyrosine kinases identified in the GenBank database, and based on the rela-
tively slow rate of discovery in the past few years, 100 is a better approximation to the
total number of tyrosine kinases encoded by the human genome. In a given cell at a
given stage, it is reasonable to assume that there are 30-50 tyrosine kinases expressed—
a number large enough to provide characteristic tissue-specific patterns, but small
enough to be identified in a simple screening. The hope for tyrosine kinases as prog-
nostic markers rests with the fact that the identification of a stage-specific expression
pattern will be identified in prostate cancer cells while they remain localized to
the gland.

From: Prostate Cancer: Biology, Genetics, and the New Therapeutics
Edited by: L. W. K. Chung, W. B. Isaacs, and J. W. Simons © Humana Press Inc., Totowa, NJ
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2. A TYROSINE KINASE PROFILE OF PROSTATE CANCER

In an effort to identify one or more novel biomarkers, an effective tyrosine kinase
display approach was developed to identify all or nearly all tyrosine kinases expressed
in prostate cancer using a single RT-PCR reaction and visualized in a single polyacry-
lamide gel. The approach takes advantage of common invariable motifs present in the
catalytic domain of the great majority of tyrosine kinases (for example, DFG and DVW
motifs in subdomains VII and IX, respectively). Degenerate primers based on reverse
translation of these highly conserved sequence motifs are used to generate RT-PCR
products of tyrosine kinases, and the resulting amplicons can be sequenced by tradi-
tional means—or better yet, subjected to restriction enzyme digestions so that the
resulting fragments of different sizes reflect individual kinases. In the latter approach,
the identities of the tyrosine kinases can be “read” directly from the gel, saving the
time-consuming steps of cloning and sequencing. The band intensity corresponds well
to the level of expression of a given kinase. When samples from normal and tumor
tissues are compared, overexpressed tyrosine kinases can be readily identified. The
first comprehensive tyrosine kinase profile was constructed from an androgen-sensitive,
prostate specific antigen (PSA)-releasing prostate cancer xenograft CWR22. Table 1
summarizes the data derived from the display approach, as well as direct sequencing
of the amplicons (7/18). There are 20 receptor-tyrosine kinases and 12 nonreceptor
tyrosine kinases. Among the receptor kinases, three (ErbB1, 2, and 3) come from the
epidermal growth factor receptor (EGFR) family, and four (EphAl, A2, A4 and B4)
from the Eph family. In addition to the Eph family of kinases, there are several cell
adhesion molecule-related receptor kinases expressed in this CaP xenograft: Sky and
Nyk, which carry neural cell adhesion molecule (NCAM)-like domains; the discoidin
domain receptor tyrosine kinases Ddrl and 2; and RET, which contains a cadherin
domain. The presence of EGFR (ErbB1) nerve growth factor receptor (NGFR, trkA)
(39,49), fibroblast growth factor (FGFR) (33,51,125,127), and insulin-like growth fac-
tor I receptor (IGFR) (85,112) are consistent with literature reports describing the
responses of prostate cancer cells to these ligands. Among the nonreceptor tyrosine
kinases represented, the src family contains three members (src, yes, and Ick), and the
related src-B family member Frk. The initial profile data also revealed several novel
kinases, unknown at the time of discovery, but subsequently cloned: Nyk/Mer, an
NCAM-related receptor tyrosine kinase (53,80), and Etk/Bmx, a pleckstrin homology
(PH) domain-containing tyrosine kinase (174,144). The former has an elevated
expression in CaP, compared to normal prostate epithelial cells, and the latter is
expressed at a higher level in LNCaP than in other cell lines, and is implicated in IL-6
induced neuroendocrine differentiation. It is also noteworthy that trkA, trkC, and RET
receptor kinases are expressed in CWR22 and LNCaP. This finding was initially sur-
prising, as these kinases are known to be associated primarily with neuronal tissues,
but is consistent with the idea that some of the prostate epithelial cells, especially when
devoid of hormonal control, have neuroendocrine properties and can be trans-
differentiated into such a lineage. RET has recently been shown to be overexpressed in
high-grade CaP and high-grade PIN, but not in low-grade samples (34). This finding
suggests that RET may play a significant role in CaP progression, and raises the inter-
esting possibility that high-grade CaPs are derived directly from high-grade PIN. Over-

<
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Table 1
Tyrosine Kinase Profile in CWR22 CaP Xenograft
Receptor TK Nonreceptor TK
Family Members Family Members
EGFR ErbB1 Src src
ErbB2 yes
ErbB3 Ick
Eph EphAl CSK Csk
EphA2
EphA4 Src-B Frk
EphB4
JAK JAK1
UFO/Axl] Sky/Tyro3 tyk2
Nyk/mer
Abl abl
Ddr Ddrl arg
Ddr2
Btk Etk/Bmx
PDGFR PDGFR
FAK FAK
FGFR FGFR2
FGFR4 ZAP70 Syk
InR IGFR
MET MET
Ron
RET RET
NGFR trkA
trkC

all, the CWR22 tyrosine kinase profile described here is typical for all CaPs studied,
although there is a greater similarity of the tyrosine kinase profiles between the two andro-
gen sensitive models—CWR?22 and LNCaP—than those of the androgen insensitive lines.

A number of ligands that transmit signals through receptor tyrosine kinases have
been implicated in prostate cancer transformation and progression. This chapter focuses
on the EGF receptor family of kinases and the signals transmitted by these receptors.
The involvement of FGFR and NGFR families is briefly discussed to serve as a refer-
ence for further discussion. The literature citations are representative, and are not meant
to be inclusive.

3. THE FIBROBLAST GROWTH FACTOR (FGF) RECEPTOR FAMILY
OF TYROSINE KINASES

FGF-2 or basic FGF (bFGF), FGF-7 or keratinocyte growth factor (KGF), FGF-8, and
FGF-9 are strong mitogens for prostate cells, and their production is associated with
benign prostatic hyperplasia and CaP development (35,52,71,103,121,146). Both FGE-2
(142) and FGF-7 (160) are provided by the stromal cells under normal conditions, but
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FGF-2 expression in prostate epithelial cells is downregulated by androgen (131). How-
ever, during the development of prostate cancer, alternative splicing of the FGFR2
locus leads to a switch in the expression of FGF receptor 2 isoforms from FGFR2(111b)
to FGFR2(IlIc), with a concomitant shift in affinity from FGF-7 to FGF-2. An important
event following this is the upregulation of FGF2 expression resulting in the establish-
ment of an autocrine loop (/60), rendering the cells stromal-independent and andro-
gen-independent (/7). In general, the FGF family of growth factors is viewed as
progression factors for CaP. The observation that FGF-2 expression is regulated by
androgen in prostate epithelial cells suggests that the molecular events leading to hor-
monal independence may occur at a much earlier stage than presently thought, and
further implicates it as a critical factor to consider in relation to androgen ablative

therapy (1317).

4. THE NERVE GROWTH FACTOR (NGF) RECEPTOR FAMILY
OF TYROSINE KINASES

NGF has two receptors: the high-affinity receptor, trkA, and the low-affinity
gp75NGFR. TrkA is a tyrosine kinase that serves to transduce NGF-induced differen-
tiation and survival signals, whereas gp7SNGFR tends to induce apoptosis. In the nor-
mal prostate, gp75SNGFR is expressed in the epithelial cells, whereas the ligand NGF is
expressed in the stroma (/09). The expression of gp75SNGFR is reduced in prostate
carcinomas and is completely absent in malignant CaP cell lines, Tsu-prl, DU145,
PC3, and LNCaP. Thus, there is an inverse correlation of expression of the gp7SNGFR
and CaP development. Consistent with its negative role in CaP progression is the find-
ing that artificial expression of gp7SNGEFR in the Tsu-prl cell line results in NGF-
induced apoptosis (/08). In contrast to the low-affinity receptor, trkA seems to be
expressed in the majority of CaPs and all four CaP cell lines, and is a positive growth
modulator for CaPs. NGF treatment of these cells stimulates their growth (6) and
inhibitors of the NGF/trkA pathway inhibit CaP growth (38,50). It is interesting that
while NGF/trkA-induced signaling in neuronal cells results in neuronal differentiation,
neuroendocrine differentiation in CaP is induced by agents such as interleukin-6 (IL-6)
and forskolin, but not by NGF (6,102). NGF also fails to induce the growth of normal
prostate cells, and a recent finding suggests that the difference in the biological behav-
iors between tumor and normal cells cannot be attributed to mutations of trkA (50), but
more likely to the presence or absence of gp75NGFR. In two other studies, it was
shown that NGF induces the invasiveness of DU145 (49) and hormone independence
of Tsu-prl (39). Thus, NGF plays a dual role in prostate cancer, depending on the
repertoire of the receptors present in the cells: trkA behaves as a positive regulator for
growth and tumor progression, whereas p75NGFR acts as an apoptosis inducer.

5. THE ErbB/EGF-RECEPTOR FAMILY OF TYROSINE KINASES

Among receptor kinases, the ErbB/EGF-receptor family is most frequently impli-
cated in human malignancies. There are four members in this family—ErbB1, ErbB2,
ErbB3, and ErbB4 (25,73,110). The majority of prostate carcinomas express ErbB1,
ErbB2, and ErbB3, but little or no ErbB4 (7/8). ErbB1 is the EGF receptor, and fre-
quently has been found overexpressed in tumors of epithelial origin. Amplification of
ErbB I/EGFR has not been detected in CaP, but overexpression of this receptor is com-
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mon. In nearly all CaP cell lines or tissues surveyed, an autocrine loop of TGF-o0/EGF
and ErbB1/EGFR exists, thus replacing the requirement for the normal stromal-
derived ligand (23,84,94,132,147). Inhibition of ErbB1/EGFR autocrine loop or the
kinase activity of the receptor prevents the growth of CaP cells, indicating an essential
role of ErbB1/EGFR in their growth (72,118). Interestingly, such an inhibition also
affects the actions of IGF-I and protein kinase A (PKA), indicating a general role for
ErbB1/EGFR signaling in CaP growth (112).

ErbB2, also called Neu (for the rat homolog) or HER2 (Human EGF Receptor 2), is
the second member of this family, and figures prominently in human malignancies.
The ErbB2 gene is amplified and overexpressed in 20-30% of primary breast cancers,
and correlates with a poor prognosis. However, a humanized mouse monoclonal anti-
body (MADb) against ErbB2/HER2—Herceptin—exploits this feature as a novel
molecular target, and has shown promise in clinical trials as an anti-breast cancer thera-
peutic agent, alone or in combination with standard chemotherapeutics (/04). Unlike
breast carcinoma, genomic amplification of ErbB2 is rarely observed in prostate can-
cer (13,45,74,88,153), but there are noteworthy exceptions (/122—124,134). The
expression of both ErbB2 and 3 is either low or undetectable on normal prostate lumi-
nal epithelial cells, but is prevalent in prostate adenocarcinoma (82). Accordingly, the
expression of ErbB2 is considered to be an early event of CaP transformation (96). The
level of ErbB2 expression does not seem to vary significantly among CaPs of different
histological grade (57,76), although overexpression of ErbB2 in primary prostatic tis-
sue predicts poor survival (46,93). In addition, elevated serum levels of ErbB2 seem to
correlate with progression of the disease status (5a,93a) and association of ErbB2
overexpression with the occurrence of metastatic disease has also been reported (122).
Further strong evidence for ErbB2 as an important factor in CaP metastasis was provided
experimentally by the demonstration that in vitro transfection of rat prostatic epithelial
cells with an oncogenic ErbB2 mutant (i.e. Neu mutation) resulted in metastatic tumors
after orthotopic injection into nude mice (87,166).

ErbB3, the third family member, is a kinase-impaired receptor, and requires dimer-
ization with other family members to become an active signal transducer (58). ErbB3 is
expressed in the majority of primary and metastatic CaPs (55,77,96,111,118). The
ligand for ErbB3—heregulin (HRG) or neuregulin (NRG)—is reported to be expressed
in 36% of CaPs analyzed by Leung et al. (77), and the autocrine loop of HRG/ErbB3
appears to be associated with less favorable prognosis in advanced CaPs. By contrast,
Lyne et al. (82) and Grasso et al. (55) found that HRG expression was absent in CaP
specimens, three established CaP cell lines (LNCaP, DU145, PC3), and one xenograft
(CWR22). However, HRG is expressed in an immortalized, nontumorigenic prostate
epithelial cell line (55), and is expressed in 100% of stroma, 100% of basal epithelial
cells, and 58% of luminal cells in normal and benign hyperplastic prostatic tissue (82).
The latter studies suggest a downregulation of HRG and a concomitant loss of this
autocrine loop during tumor progression, consistent with its growth arrest and differen-
tiation effect on CaP cell lines.

In the next section we discuss the signaling events elicited by growth factors such as
TGF-o/EGF and HRG, and by cytokines such as IL-6, as they pertain to CaP biology.
Depending on the partners, and the individual receptors they associate with, they chan-
nel very different signals, with profoundly different biological outcomes.
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6. TYROSINE KINASE SIGNALS
THROUGH GROWTH FACTOR RECEPTORS

6.1. EGF/TGF-c. Signals: Growth, Androgen Independence,
Survival, and Invasion

Among the peptide growth factors, the action of EGF and TGF-o on prostate growth
have been most extensively analyzed. There is a preponderance of evidence suggesting
the involvement of EGF/TGF-a in the growth of prostate epithelial cells, and the
autocrine loop of TGF-0/EGFR found in virtually all prostate cancer cells plays a sig-
nificant part in their uncontrolled growth. Addition of EGFR-blocking antibody or spe-
cific inhibitors of the EGFR kinase (/2,167) diminishes the growth of CaP. Inclusion
of exogenous EGF and TGF-« in growth media further increases the growth rate of the
prostate cancer cells, and this effect is synergistic with androgen. In the CWR22
xenograft model, the conversion from androgen-sensitive to the relapsed form
(CWR22R) correlates with increased expression of TGF-q, indicating that the TGF-o/
EGFR autocrine loop may override the requirement for androgen (95). EGF/TGF-a.
stimulation of LNCaP induces tyrosine phosphorylation of EGFR/ErbB1, ErbB2, and
ErbB3, with ErbB1 being the strongest. Homo and heterodimer formation of ErbB1/
ErbB1, ErbB1/ErbB2, and ErbB 1/ErbB3 dimers are all detected. Functionally, how-
ever, it appears that the ErbB 1/ErbB 1 homodimer is the most important. Using a LNCaP
cell line where ErbB2 is functionally knocked out by the transfection of a single-chain
antibody gene directed against ErbB2, it was shown that ErbB?2 is dispensable for most
of the EGF/TGF-o induced growth phenotypes (54). Under these conditions, phospho-
rylation of ErbB3 is significantly reduced, indicating that ErbB2 mediates ErbB3 phos-
phorylation. Since only the growth properties of the ErbB2 “knockout” cells were
studied, the role of ErbB2 and ErbB3 in other EGF-induced functions such as migra-
tion or survival have yet to be defined.

Intracellular signals are transmitted from membrane-associated tyrosine kinases to
serine kinases or lipid kinases, and eventually to transcriptional factors through
phosphorylation cascades. ErbB 1/EGFR signals through several pathways in prostate
cancer cells: She/mitogen-activated protein kinase (MAPK) (18,56,112), phospha-
tidylinositol 3-kinase (PI3K)/Akt, phospholipase C-y (PLC-y)/protein kinase C (PKC),
p2l-activated kinase (PAK)/Jun N-terminal kinase (JNK), and the signal transducers.
and activators of transcription (STATSs) (55). The prevailing model is that upon ligand
binding, homo- or heterodimers of the cognate receptors are formed, leading to
transphosphorylation and activation of the intrinsic kinase activity. The active kinase is
phosphorylated at the tyrosine residues which serve as anchor sites for a number of
substrates with src homology 2 (SH2) and phosphotyrosine binding (PTB) domains,
resulting in the phosphorylation of these substrates. Different substrates define the
engagement of different pathways, although there is strong evidence that these path-
ways are interconnected and tend to modulate one another. A combination of the signal
outputs from individual pathways defines the eventual phenotypes of the receptor acti-
vation. In subsequent sections, we review what is known about the signals involved in
the growth, hormone-independent growth, survival, and motility induced by EGF/TGF-q.
Except in cases of motility and invasion, where DU145 is a better model, the experi-
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Fig. 1. Summary of the putative signal transduction pathways of prostate cancer cells initi-
ated by tyrosine phosphorylations. Arrows indicate activation of downstream substrates.
T-shaped bars indicate inactivations. The highlighted molecules are tyrosine or seirine kinases.
The nomenclatures are described in the text. The data is based primarily on the studies of the
erbB family of kinases.

mental data were principally derived from LNCaP studies. A summary diagram of the
various signal transduction pathways is shown in Fig. 1.

6.2. The Growth Signals

Among the various pathways listed above, MAPK seems to be the most important in
channeling the growth signals and the initial transformation of the cells. An early clue
that attests to the importance of this pathway for growth and transformation comes
from the fact that both ras and raf, which lie upstream in the pathway, are potent
oncogenes and growth stimulators in a variety of cell types. In prostate cancer cells,
mutations of ras or raf are rarely found, yet heightened activation of MAPK is detected
in high-grade and hormone-independent CaP (/8). The TGF-o/ErbB autocrine loop
found in most of the advanced CaP almost certainly contributes to the persistent activa-
tion of MAPK. Other overexpressed tyrosine kinases, such as RET and NYK, may also
play a significant role. These receptors presumably activate MAPK through the well-
defined Shc/Grb2/SOS/ras/raffMEK pathway (Fig. 1) (32,42,75,81,106,151). Although
there are several upstream activators of MAPK, how MAPK drives the growth path-
way is still not entirely clear. It has been reported that MAPK is able to phosphorylate
c-Myc and Elk. Elk—an Ets-like transcriptional factor—is known to augment the
expression of the AP-1 complex components fos, jun, and jun B. Both the AP-1 com-
plex and c-Myc are known to activate cyclin D, thus propelling cells toward § phase.
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Furthermore, Chen et al. recently showed that ectopic overexpression of cyclin D stimu-
lates constitutive growth and tumorigenicity of LNCaP (20). Perry et al. demonstrated
that EGF activates cyclin D1 in LNCaP (/07), lending support to the above model. The
same group further demonstrated that EGF-induced activation of cyclin D1 expression
was dependent upon PKC. This finding seems reasonable, since EGF is known to acti-
vate PLC-vy, which in turn induces intracellular calcium elevations and produces
diacylglycerol (DAG), two agonists for PKC, which is an activator of AP-1 complex.
Activation of the AP-1 complex by the MAPK and PKC pathways follows two differ-
ent phosphorylation cascades which are expected to be synergistic. It seems reasonable
to propose that the elevated expression of cyclin D1—because of the combined action
of MAPK and PKC pathways—plays an important role in EGF/TGF-o induced growth
of LNCaP. It is noteworthy that LNCaP has wild-type p53 and Rb genes, making the over-
expression of cyclin D1 necessary to overcome the actions of these cell-cycle
gatekeepers. However, LNCaP carries a mutant PTEN which encodes a phosphatase
specific for the product of PI3K, phosphatidylinositol 3,4,5-trisphosphate (/50). Defi-
ciency of PTEN is believed to augment PI3K activity, which confers survival through
Akt activation. However, at least one recent report implicates PTEN in G1 growth
arrest and points to an unrecognized function of Akt in cell cycle progression (117).
This indicates that PTEN mutation may also contribute to the aggressive growth prop-
erties of LNCaP, although the mechanism is less clear.

6.3. The Survival Signals

The phosphatidylinositol 3-kinase pathway has recently attracted a great deal of
attention because of its diverse effects. PI3K is a lipid kinase which catalyzes reactions
to engender 3’-phosphoinositides (Fig. 1). These lipid moieties bind a class of mol-
ecules bearing PH domains, which translocate them to the cytoplasmic membrane and
often alter their conformation. Akt/protein kinase B (PKB), a serine/threonine kinase
involved in antiapoptosis, is one such substrate whose translocation to the membrane
allows it to be phosphorylated and activated by 3-phosphoinositide-dependent protein
kinase-1 (PDK1), another PH domain containing serine/threonine kinase activated by
PI3K. A direct inhibitory effect on the cell death machinery has been demonstrated by
phosphorylation of Bad (3/,37) and procaspase-9 by active Akt (15), inactivating their
proapoptotic functions. Recruitment of the PI3K/Akt pathway can also have a
cytoprotective effect via activation of nuclear factor-kappa B (NF-kB) and subsequent
upregulation of an antiapoptotic transcriptional program (101,120). Akt can mediate
degradation of the NF-kB inhibitor IxB by interacting with, phosphorylating, and acti-
vating IxB kinase (IKK). IKK, in turn, phosphorylates IkB and targets it for degrada-
tion. NF-kB is then liberated and permitted to be translocated to the nucleus. This
scheme is postulated to be the molecular basis of PI3K’s ability to function as a sur-
vival factor. Recent studies by Lin et al. (79) and Carson and Weber (16) provide direct
evidence that PI3K plays a significant role in sustaining survival of LNCaP, based on
the observation that the PI3K inhibitors, wortmannin and L. Y294002, induce a high
level of LNCaP cell death. These apoptotic effects can be partially rescued by treatment
with EGF, which is known to activate PI3K—presumably via the activation of the
ErbB 1/ErbB3 heterodimer (79). Interestingly, the Akt activity is not restored (since the
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PI3K inhibitor is still present), and the authors postulate the existence of Akt-independent
survival signals channeled by PI3K. ErbB3 carries multiple PI3K binding sites, and is
particularly effective in forming a multimolecular complex with PI3K involving at
least five additional tyrosine phosphorylated species (54). It is conceivable that PI3K,
with its multiple protein-protein interaction domains, may impart signal transduction
by serving as an adaptor molecule without invoking lipid kinase activity.

Counteracting PI3K is the lipid phosphatase PTEN/MMACT1, originally discovered
as a tumor suppressor gene for a number of cancers, including prostate cancers-—up to
60% of which are defective in structure or expression of this gene (150). This phos-
phatase removes a phosphate from the 3’ site of phosphatidy! polyphosphates, particu-
larly phosphatidylinositol 3,4,5-trisphosphate, thereby diminishing the activating signal
for Akt. Indeed, prostate cancers such as LNCaP lacking PTEN/MMACI have a con-
stitutively high level of activated Akt (/55), which may account for the unusual dura-
bility of this cell line in harsh conditions. LNCaP, while growth-arrested, can survive
long-term in serum-free and androgen-free conditions.

A new PI3K effector, Etk/Bmx, has recently been identified in prostate cancer cells
(114,118). Etk/Bmx is a tyrosine kinase that carries a PH domain at the N-terminus and
belongs to the Btk family. Etk is the only member of the Btk family that is expressed in
prostate cells such as LNCaP. In a manner similar to Akt, it was shown that Etk is able
to protect CaP from thapsigargin or radiation-induced apoptosis (159). While the
molecular nature of this protective effect remains unclear, this finding demonstrates
that there are other potential effectors of PI3K in antiapoptosis. STAT1,3, and 5 have
also been shown to be phosphorylated and activated by Etk/Bmx (728), and their con-
nections to the protective effect of Etk are being examined.

6.4. The Hormone Independence Signals

LNCaP requires androgen for growth. The autocrine loop of TGF-o/EGFR existing
in this cell line is apparently insufficient to override the hormone dependence. How-
ever, the addition of exogenous EGF or IGF-1 can induce LNCaP growth in the
absence of synthetic androgen (28). This suggests that either the EGF signal can acti-
vate the androgen receptor (AR) pathway in the absence of androgen (i.e., EGF and
androgen in the same pathway), or EGF induces an independent growth pathway, obvi-
ating the need for androgen (i.e., EGF and androgen are in parallel pathways) or both.
At least one report has indicated that the androgenic growth signal requires the interac-
tion between amphiregulin and EGFR (135), suggesting that the EGFR pathway lies
downstream of the androgen pathway. Recent demonstrations that the MAPK pathway
is able to activate androgen receptor transcriptional activity in the absence of its ligand
(1,27,162) support this theory. While in the latter studies, the authors utilized
overexpressed ErbB2 as a source for MAPK activation, ErbB2 is activated by EGF
through heterodimerization with ErbB1, and as described here, EGF is a potent activa-
tor of MAPK. Thus, it is likely that EGF or TGF-o induced androgen-independent
growth of LNCaP also follow the same pathways. In support of a role for ErbB2 in the
conversion of prostate cancer cells into a hormone-independent state is the finding that
prostatic acid phosphatase which diminishes ErbB2 activity restores hormone-sensitivity
of a variant LNCaP line refractory to hormone induction (90). If MAPK is the key
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factor involved in activating AR in the absence of androgen, one would predict that
MAPK agonists other than ErbB family members should also be able to convert
hormone sensitive cells to refractory status—a theory which has not yet been tested.
On the other hand, it is equally likely that MAPK is only one of the several pathways
activated by ErbB1 or ErbB2 which contribute to AR activation. In the latter case, not
all agonists that activate MAPK would induce AR independence. How does MAPK
activate the transcriptional activity of AR? Chen et al. found that the target for the
phosphorylation cascade is AR itself at a site where phosphorylation would strengthen
the interaction with cofactors such as ARAS50 or ARA70. These factors presumably
enhance the DNA binding or transactivation function of the unliganded AR in a man-
ner similar to the liganded AR. There is also evidence that PKA or elevated cAMP
level activates AR in the absence of ligand (/26). While this is probably the result of
direct phosphorylation of AR by PKA (726), there are at least two reports indicating a
synergy between PKA and ErbB1 in the activation of MAPK in LNCaP (/8,112) which
may contribute to the androgen independent activation of AR.

6.5. The Motility and Invasion Signals

EGF is known to induce cell motility, detachment, and invasion of cancer cells. As
these processes are dependent upon the cell type and the extracellular matrix used, it is
therefore difficult to generalize. For instance, EGF or TGF-a seems to have little effect
on the cytoskeletal structure, motility, or invasiveness of LNCaP cells, although it promotes
chemomigration of Tsu-prl cells (//6) and motility of DU145 cells (748). In the case of
DU 145, the activation of PLC-y seems to be crucial in the migratory properties of the cell,
presumably through the activation of PKC and the mobilization of calcium (/49). The
same authors also showed that disassembly of focal adhesions—a step linked to migra-
tion—involves the MAPK pathway (/58). In other cell types, growth-factor-induced cell
migration often involves the PI3K pathway and small GTPases such as racl/rthoA/cdc42.

In addition to cell motility, invasion requires the release of proteinases to digest the
extracellular matrix. In prostate cancer, EGF induces the release of matrilysin and
urokinase (uPA), two molecules strongly implicated in the invasion process (43,44,67,
115,143). The pathway leading to uPA activation involves AP-1, and thus probably
includes MAPK and JNK as its effectors (154).

7. HEREGULIN (HRG) SIGNALS: GROWTH ARREST,
CYTOSKELETAL REORGANIZATION, AND APOPTOSIS

EGF and TGF-o are involved in many aspects of prostate cancer progression by
engaging with ErbB family receptors, primarily ErbB1 and ErbB2. However, ErbB3
and ErbB4 are the high-affinity receptors for heregulin, a polypeptide ligand that has
varying effects on different prostate cancer cell lines (/4). HRG was also identified as
neuregulin (NRG) and Neu differentiation factor (NDF), among other names, but will
be referred to as HRG in this chapter (64,86, 105). Since ErbB4 is not usually expressed
in CaP, HRG functions in this cell type primarily through activation of ErbB3/ErbB2,
and to a lesser extent, through ErbB3/ErbB1 heterodimers. Under these conditions, an
ErbB3/ErbB3 homodimer may also form, but would be unproductive, as ErbB3 is
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Fig. 2. Schematic representation of key ErbB-mediated signal transduction pathways
induced by TGF-a, HRG, and IL-6 in LNCaP prostate cancer cells. Signaling is initiated by
ErbB receptor heterodimerization induced by direct ligand binding (i.e., TGF-a,, HRG) or
indirectly via association with the activated IL-6 receptor. Activation of the intrinsic ErbB
tyrosine kinase activity leads to tyrosine phosphorylation of intracytoplasmic domains,
recruitment of proteins containing SH2 or PTB domains, and propagation of the signal. Well-
characterized signaling pathways in this system are annotated in boxes and the relative strengths
of each pathway are indicated by the thickness of the arrows.

kinase-impaired and requires other kinase-active receptors to transphosphorylate it.
Indeed, using a LNCaP cell line that has ErbB2 knocked out by the ErbB2 antibody
gene-trapping technique, the signaling ability of HRG is completely eliminated (54).
Thus, in prostate cancer cells, ErbB2 is a vital component of the HRG signal machin-
ery, and the ErbB2/ErbB3 heterodimer is the principal component activated by HRG.
Expression analysis of HRG provides an interesting contrast to that of EGF/TGF-o:
HRG is highly expressed in normal prostate epithelial cells—especially basal cells and
stromal cells—but at low or undetectable levels in prostate cancer cells (55,82). None
of the commonly used CaP cell lines express HRG, whereas an immortalized, normal
prostate-epithelial cell line does (ML.C-SV40). This suggests that NDF may serve a
differentiation or antiproliferative role in prostate cancer cells, as it does in some of the
breast cancer cell lines (29,145).

Some of the intracellular signals such as MAPK—which are induced by HRG and
by EGF/TGF-o—are similar, but others are different, and have distinct biological con-
sequences. Some of the notable differences are summarized here (Fig. 2). For instance,
after HRG treatment, PI3K is assembled into an “activation complex,” which can be
differentiated from that induced by EGF/TGF-o. based upon the tyrosine-phosphorylated
band patterns present in the complexes. In addition, HRG treatment activates
p38MAPK and JNK, but not PLC-yand STATs (55). Akt is activated only moderately
over the already high background of constitutive activity in LNCaP.
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7.1. The Growth Arrest Signals

LNCaP grows well in media containing androgen and serum. In the presence of
HRG, the growth rate declines, indicating that HRG transmits a dominant growth-
arrest signal (55,82). Addition of the MEK inhibitor PD98059 does not restore growth
of LNCaP treated with HRG, nor does the addition of a PI3K inhibitor (1.Y294002).
These results are somewhat difficult to interpret, because LY 294002 induces apoptosis
even in the absence of HRG. How does HRG induce growth arrest? Bacus et al. (7)
demonstrated that HRG induces the expression of p53 and p21WAF]1, a CyclinD/CDK?2
inhibitor, in LNCaP. Yu et al. (163) also showed that ErbB2 overexpression upregulates
the transcription of p21WAF1. The accumulation of p21 may be one reason that cells
go into quiescence. Consistent with this concept is the finding that PDGF treatment of
prostate cancer cells results in the induction of p21WAF1 expression, G1 arrest, and
the sensitization toward radiation-induced apoptosis (70). Additionally, tamoxifen-
induced apoptosis of PC3 and DU145 apparently involves the upregulation of
p21WAF]1 expression (119), as does cell-cycle inhibition of DU145 induced by type-I
interferon alpha (62). Thus, p21 WAF! may be a common mediator of growth arrest in
prostate cancer cells.

7.2. The Cytoskeletal Reorganizaton and Detachment Signals

In addition to growth arrest, treatment of LNCaP with HRG induces immediate,
cytoskeletal rearrangements characterized by the formation of filopodia, lamellopodia,
and stress fibers. A distinct morphological change accompanies this by an alteration in
cell shape to a more rounded appearance from the slender shape assumed by typical
epithelial cells (54). This is followed by detachment of cells from the plate. Specific
inhibitor experiments have indicated that this process depends on PI3K rather than
MAPK. The involvement of PI3K in shaping the cytoskeletal structure has been well-
documented in other systems, and is thought to engage rac/rho/Cdc42 (133). Rac and
Cdc42 are small ras-like, RhoA family GTPases with an approximate molecular mass
of 21 kDa, and are often referred to as p21 small G proteins. This family of GTPases is
known to induce filopodia, lamellipodia, and the disassembly of stress fibers, counter-
acting the action of RhoA, which contributes to stress fiber assembly. Rac and Cdc42
are activated by guanine exchanger factors (GEF) such as vav, which contain PH
domains and thus are effectors for PI3K (2,83). This may explain why PI3K inhibition
prevents cell-shape changes and detachment. Rac and Cdc42 activate several kinases,
including p21-activated kinases (PAKs) (/37), which comprise a family of kinases that
share homology in their kinase domains to yeast Ste-20-like kinases. At least three
members have been cloned from mammalian cells. Interestingly, a dual role for PAK
exists—it is involved in cytoskeletal reorganization and cell movement by phosphory-
lating myosin light-chain kinase (30,130,136), and it is able to mediate apoptosis
through the activation of INK and p38 MAP kinases (24,91) (Fig. 1).

7.3. The Anoikis/Apoptosis Signals

The detached cells soon undergo apoptosis through a process referred to as anoikis
(47). 1t has been postulated that anoikis involves MEKK and either one of the stress-
activated kinases, JNK or p38MAPK (48}, although an alternative mechanism may be

- .
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responsible (69). The activation of JNK and p38MAPK in LNCaP by HRG, but not by
EGF is consistent with this hypothesis. Apoptosis induced this way must be able to
offset the antiapoptotic effect of Akt activity, which is constitutively present in this cell
type. p38MAPK activation is known to induce differentiation and apoptosis in several
cell types, thereby providing additional support for this as a mechanism of cell death in
this system (97,157,164). Perhaps most germane to the present discussion is the report
that in the breast cancer cell line SKBR3, HRG induces apoptosis through p38 activa-
tion and subsequent apoptosis (29).

8. TYROSINE KINASE SIGNALS THROUGH A CYTOKINE RECEPTOR

8.1. IL-6 Signals: Hormone Independence, Growth Arrest,
and Neuroendocrine Differentiation

Few interleukins are implicated in CaP progression; one that has drawn considerable
attention is IL-6. Originally identified as a regulator of immune and inflammatory
responses, IL-6 has now been recognized as a key factor involved in the growth and
metastasis of several types of neoplasms (617). IL-6 has a two-component receptor—the
p80 c¢-subunit which binds IL-6 and the gp130 B-subunit which is the actual signal
transducer and is shared with other cytokine receptors such as oncostatin M (OM),
leukemia inhibitory factor (LIF), and interleukin-11 (IL-11) (60). Both components of
the IL-6 receptor are expressed in all prostate cancer specimens and cell lines sur-
veyed, indicating a role for IL-6 in CaP biology (/39). However, this role is complex.
In androgen-dependent cells such as LNCaP, dihydrotestosterone (DHT) suppresses
IL-6 expression through a mechanism of androgen receptor-mediated repression of
NF-kB activity (68). Addition of exogenous IL-6 to this cell line inhibits growth and
induces neuroendocrine differentiation (36,714). By contrast, IL-6 functions as a
growth factor for androgen independent CaP cell lines, DU145 and PC3, increasing
their growth rate (/00) and colony-formation potential, and conferring resistance to
certain chemotherapeutic agents and tumor necrosis factor (TNF)-mediated cell death
(9,21,98). The IL-6 autocrine loop is present in all androgen independent CaP cells, but
not in dependent lines (27), suggesting that the IL-6 autocrine loop may be functionally
linked to the androgen independent phenotype. These observations, coupled with the
finding that the level of circulating 1L-6 is elevated in metastatic prostatic carcinoma
(3,4) implicate IL-6 in CaP progression. While this view seems to be at odds with the
antiproliferative effect of IL-6 in androgen dependent cells such as LNCaP, it should
be noted that neuroendocrine differentition results in the release of neurotrophins which
facilitate the survival and chemomigration of the surrounding CaP cells.

8.2. Hormone Independent Growth and Antiapoptosis Signals

IL-6 is a strong inducer of growth and survival of androgen-independent DU145 and
PC3 (10,11). Among the signals triggered by 1L-6, MAPK is likely to be responsible
for the growth response and PI3K for drug and apoptosis resistance, by analogy to the
action of EGF. Since PC3 and DU145 do not express androgen receptors, the IL-6-induced
growth and survival signals must pass through an androgen receptor independent path-
way. Interestingly, if the androgen receptor status is artificially restored by transfection
into DU145, IL-6 is able to stimulate androgen receptor dependent gene transcripton




254 Kung, Tepper, and White

(e.g., a reporter gene driven by the androgen-response element (ARE)) in the absence
of androgen (63). This could be inhibited by the nonsteroidal androgen-receptor
antagonist bicalutamide (Casodex), indicating that IL-6 indeed mediates its activation
through the androgen receptor. The authors have further demonstrated that this activa-
tion requires the activities of PKC, PKA, and MAPK. In the AR-positive cell line
LNCaP, IL-6 is able to induce transcription from the PSA promoter in the absence of
androgen (Dr. Li-Fen Lee, personal communication). Since PSA promoter activation is
critically dependent upon AR activity, the experiment described serves as confirmation
of the ability of IL-6 to activate the androgen receptor. This is an intriguing finding
which suggests that IL-6 may facilitate the initial transition of a prostate cancer cell
from hormone dependence to independence by acting as a pseudo-activator. Eventu-
ally, in the case of DU145 and PC3, androgen receptor expression is lost and the
androgen receptor independent IL-6 pathway takes over. Since AR is known to sup-
press the transcription of the IL-6 gene (68), the loss of AR further increases the
expression of IL-6, setting up a permanent autocrine loop. Oncostatin M, which, like
IL-6, activates gp130, is also capable of stimulating the growth of DU145 (71). In this
case, STATS3 activation is required. This suggests that although diverse ligands inter-
acting with similar receptors leads to an identical phenotype, diversification of signal
transduction pathways contributes to CaP tumor progression and increases the like-
lihood for selection of aggressive phenotypes.

8.3. The Growth Arrest and Neuroendocrine Differentiation Signals

In contrast to the strong growth stimulation of DU145 and PC3, IL-6 inhibits the
growth of [LNCaP and induces neuroendocrine (NE) differentiation (//4). The acquisi-
tion of cells with NE characteristics has been reported to be an early marker for devel-
opment of androgen independence of prostate cancers, and tumor cell populations have
been reported to become enriched for NE cells following long-term antiandrogen
therapy (22,40,99). It has been suggested that these NE cells function as a paracrine
source of factors to support androgen independent growth of the surrounding cancer
cells. NE cells are identified by neurite outgrowth, the presence of neurosecretory gran-
ules, and their ability to express a wide variety of neuronal-specific markers such as
chromogranin A, neurospecific enolase, and a number of potentially mitogenic neu-
ropeptide hormones, including parathyroid hormone-related peptide, bombesin, sero-
tonin, calcitonin, and others (26). Increased serum levels of chromograinin A are found
to correlate well with the acquisition of androgen independence and CaP progression.
Although NE cells are nonmitotic, proliferating carcinoma cells have been found in
close proximity to them. These observations suggest that NE differentiation of prostate
cells is associated with progression of CaP towards an androgen independent state. The
origin of NE cells in CaP is not entirely clear, although it has been suggested that they
are derived from either prostate stem cells or prostate epithelial cells through
transdifferentiation. The fact that some prostate cancer cell lines, such as LNCaP, can
undergo NE differentiation suggests that at least a subset of NE cells is derived from
prostate epithelial cells. In addition to IL-6 (1/4), a number of diverse stimuli have
been described to induce NE phenotypes of prostate cancer cells. These include the
cytokines IL-1 and IL-2 (41), long-term serum/androgen starvation (/38), and eleva-
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tion of intracellular cyclic AMP (cAMP) levels (26). A variety of physiological and
pharmacological agents can increase cAMP levels, such as epinephrine, forskolin (ade-
nylate cyclase activator), and the cAMP analog dibutyryl cAMP (8,26). Interestingly,
withdrawal of forskolin and epinephrine from LNCaP cells induces the loss of neuritic
processes and the reacquisition of a morphology typical of untreated cells, indicating
that NE differentiation is reversible and that the affected cells were arrested in growth,
but not terminally differentiated and senescent. In the IL-6-induced differentiation
model system, treated LNCaP cells were shown to be growth arrested at the G1/S
boundary (92,114). This growth arrest apparently involves the activation of p27 at the
transcriptional level, but is independent of SHP2 association with IL-6R (72,92). Since
it has been demonstrated that elevated cAMP levels can potentiate 1L-6 signal trans-
duction, cross-communication between the cAMP and IL-6 pathways may further aug-
ment NE differentiation (19). An even more dynamic and aggressive environment can
conceivably be established after malignant prostatic neuroendocrine begins secreting
mitogenic neuropeptides, which can also contribute to cAMP elevation.

What are the signal pathways which lead to neuroendocrine differentiation of LNCaP
cells? The studies of IL-6 (1/4) and cAMP agonists (26) have provided insight into this
process. In the case of cAMP elevation, it is expected that PKA is involved, and indeed
forced expression of a dominant-negative mutant of PKA blocks the differentiation
process (M. Cox and S. Parsons, personal communication). PKA activates CREB and
ATF, and these transcriptional factors are likely to be responsible for activating the
genes involved in neuroendocrine differentiation. Yet, in LNCaP, PKA also activates
the MAPK pathway via Rapl, which leads to jun/fos activation (/8). Thus, a combina-
tion of these bZIP proteins may be involved in this phenotype. The mechanism whereby
IL-6 induces NE was more obscure. Early studies in PC12—a rat pheochromocytoma
cell line which can be induced by IL-6 to undergo neuronal differentiation—revealed
the role of the PI3K pathway in this process (89,141,156,161). When LNCaP was
treated with IL-6, the MAPK, JAK/STATS3 and PI3K pathways were all strongly acti-
vated (114) (Fig. 2). In addition, a PH-domain containing tyrosine kinase, Etk/Bmx,
was also activated, and serves as an effector molecule for PI3K. This is understand-
able, since the PH domain interacts with 3’-phosphoinositides, metabolic products of
PI3K (129). By analogy to Btk and Itk, close cousins of Etk, 3’-phosphoinositide bind-
ing unfolds this family of proteins, exposing their kinase domains and translocating
them to the cytoplasmic membrane where they can be activated by src-like kinases (5).
That Etk/Bmx is crucial for IL-6-induced neuroendocrine differentiation was demon-
strated by the differentiation-resistant phenotype acquired by LNCaP cells stably trans-
fected with a dominant-negative Etk expression construct (/7/4). A key question raised
by this study was: What transmits the high level of tyrosine phosphorylation signal,
considering that IL-6 receptor itself is not a tyrosine kinase? Jak family kinases known
to be activated by cytokine are possible candidates. Tyk?2 is indeed activated in IL-6
treated LNCaP cells, but more intriguingly, ErbB2 and ErbB3 are also activated (713)
(Fig. 2). ErbB1—the only other receptor tyrosine kinase in this family expressed in
LNCaP cells—is not activated, indicating the specificity of this cross-communication.
Furthermore, ErbB2 forms a stable complex with the gp130 subunit of the IL-6 recep-
tor in an IL-6 dependent manner. This suggests that IL-6 activation of ErbB kinases
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occurs through direct engagement, and that ErbB2 and Tyk2 both contribute to the
elevation of tyrosine phosphorylation induced by IL-6 in LNCaP. Using the ErB2-
trapping approach described here (i.e., single-chain antibody expression construct) to
functionally knock out ErbB2, it was shown that both ErbB3 and MAPK activation
require ErbB2 engagement. This example illustrates how a cytokine receptor can
diversify its signal through engagement with receptor tyrosine kinases, which may help
explain the complex and pleiotropic phenotypes induced by IL-6. Consistent with a
role for ErbB2 in neuroendocrine differentiation is the demonstration that prostatic
neuroendocine cells with dendritic appearance and chromogranin A expression express
ErbB2 (66). These findings indicate that at least the PKA and PI3K/Etk pathways are
involved in the neuroendocrine differentiation of LNCaP. Most likely, other pathways
such as MAPK or STAT?3 also contribute to this phenotype.

9. CONCLUSION

Tyrosine kinases play significant roles in cellular signaling in prostate cancer. They
respond to growth factors as well as to cytokines. The widely recognized pathways
such as MAPK, PI3K, PLC-y, and STATs are activated by multiple inducers, and
clearly participate in the signaling (Fig. 1). Yet these pathways do not tell the whole
story, and the final outcome depends not only on the combination of multiple path-
ways, but on their relative intensities. By design, our studies have focused on signals
mediated by ErbB kinases. Fig. 2 provides a summary of the various signal pathways
outlined in this chapter. Whereas TGF-o/EGF is a strong growth stimulator for all CaP
cells thus far studied, HRG induces anoikis and apoptosis. These two diametrically
opposite phenotypes nevertheless share overlapping signals. For instance, both TGF-o
and HRG activate SHC/MAPK (thick arrows) strongly and PI3K to varying degrees.
By contrast, PLC-vy is solely induced by TGF-c, and p38MAPK by HRG. The latter
signals thus may be responsible for the particular phenotypes induced by individual
growth factors. A comparison of HRG and IL-6 signal pathways offers another intrigu-
ing scenario. Here, both involve an ErbB2/ErbB3 complex—one activated by HRG
from outside and the other activated by complex formation with IL-6 receptor from
within. Again, common signals associated with ErbB2 and ErbB3, such as MAPK and
PI3K, are induced. Yet the biological consequences are profoundly different. The likeli-
hood that the Tyk2/STAT pathway contributes to the unique neuroendocrine phenotype
needs further examination. How and whether it is related to the cAMP agonist-induced
neuroendocrine phenotype are also worth exploring. Prostate cancer offers a complex,
yet fascinating biological system to dissect key signal molecules involved in cell fate
determination. A full understanding of these pathways is important for scientific study,
and may benefit strategies to modify the tumor behavior (e.g., to make tumors more
prone to apoptosis and enhance sensitivity to therapy). The success of Herceptin may
herald the use of antityrosine kinase antibodies or inhibitors as general anticancer
agents. Future intervention strategies may also include potentiating the toxicity of
Herceptin through a combination with heregulin, as well as disruption of autocrine
growth factor/receptor loops. In light of recent findings, it will also be critical to con-
sider the interplay of androgen receptor signaling with the pathways discussed in
the design of tyrosine kinase-based therapies. For all these reasons, and to explore the
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possibility of uncovering potential tumor markers, the study of tyrosine kinases and
cellular signaling in prostate cancer promises to be a flourishing area of research in the
new millennium.
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The bombesin/gastrin-releasing peptide (GRP) family of neuropeptides has been implicated in various in
vitro and in vivo models of human malignancies including prostate cancers. It was previously shown that
bombesin and/or neurotensin (NT) acts as a survival and migratory factor(s) for androgen-independent
prostate cancers. However, a role in the transition from an androgen-dependent to -refractory state has not
been addressed. In this study, we investigate the biological effects and signal pathways of bombesin and NT on
LNCaP, a prostate cancer cell line which requires androgen for growth. We show that both neurotrophic
factors can induce LNCaP growth in the absence of androgen. Concurrent transactivation of reporter genes
driven by the prostate-specific antigen promoter or a promoter carrying an androgen-responsive element
(ARE) indicate that growth stimulation is accompanied by androgen receptor (AR) activation. Furthermore,
neurotrophic factor-induced gene activation was also present in PC3 cells transfected with the AR but not in
the parental line which lacks the AR. Given that bombesin does not directly bind to the AR and is known to
engage a G-protein-coupled receptor, we investigated downstream signaling events that could possibly interact
with the AR pathway. We found that three nonreceptor tyrosine kinases, focal adhesion kinase (FAK), Src, and
Etk/BMX play important parts in this process. Etk/Bmx activation requires FAK and Src and is critical for
neurotrophic factor-induced growth, as LNCaP cells transfected with a dominant-negative Etk/BMX fail to
respond to bombesin. Etk’s activation requires FAK. Src, but not phosphatidylinositol 3-kinase. Likewise,
bombesin-induced AR activation is inhibited by the dominant-negative mutant of either Src or FAK. Thus, in
addition to defining a new G-protein pathway, this report makes the following points regarding prostate cancer.
(i) Neurotrophic factors can activate the AR, thus circumventing the normal growth inhibition caused by
androgen ablation. (ii) Tyrosine kinases are involved in neurotrophic factor-mediated AR activation and, as
such, may serve as targets of future therapeutics, to be used in conjunction with current antihormone and

antineuropeptide therapies.

Prostate cancer is the most common noncutaneous cancer in
men. The majority of patients die of disseminated disease
which is hormone refractory and resistant to conventional ther-
apies (1, 37, 57). Androgen ablation therapy, while initially
effective in slowing down the progression of the disease, even-
tually fails, as androgen-insensitive tumors recur (20, 96).

The antiandrogen therapies usually do not eliminate the
expression of the androgen receptor (AR) (87), and at least
some forms of androgen insensitivity are thought to be caused
by ligand-independent activation of the AR (91). For instance,
Culig et al. (30) reported that the AR can be activated in the
absence of androgen by growth factors such as keratinocyte
growth factor (KGF), insulin-like growth factor 1 (IGF-1), and
epidermal growth factor (EGF). Craft et al. (29), Yeh et al.
(97) and Wen et al. (93) provide evidence that overexpression
of HER2, a growth factor receptor, or its oncogenic variant
Neu activates the AR in an androgen-depleted environment.
Since all the receptors involved in the above-mentioned cases
are tyrosine kinases, which are known initiators of phosphor-

* Corresponding author. Mailing address: UC Davis Cancer Center,
Res. ITI, UCDMC, 4645 2nd Ave., Sacramento, CA 95817. Phone:
(916) 734-1538. Fax: (916) 734-2589. E-mail: hkung@ ucdavis.edu.

1

vlation cascades, it was postulated that direct phosphorylation
of the AR may be one means 1o activate the receptor without
androgen or to sensitize the receptor toward activation by very
low levels of androgen. Indeed, direct phosphorylation of AR
by serine/threonine kinases, mitogen-activated protein kinase
(MAPK) (29, 97), 0000000® (AKT) (93), protein kinase
A (PKA) (60, 76) and protein kinase C (PKC) (33, 45) have
been reported. In most of these cases, AR activation, as mea-
sured by its ability to transcriptionally activate reporter genes.
was also demonstrated. Thus, serine/threonine kinases appear
to be mediators of AR activation. The type of protein kinases
involved depends on the initiating growth factors and recep-
tors.

In addition to peptide growth factors, neuropeptides such as
bombesin and neurotensin (NT) have also been implicated in
prostate cancer progression. We and others previously showed
that prostate cancer cells often express neuronal markers (2,
3), and some of these cells can be induced to transdifferentiate
into neuroendocrine-like cells by interleukin 6 (1L-6) (66, 82).
forskolin (12, 27, 28), and androgen withdrawal (19). The as-
sociation of neuroendocrine cells with prostate cancers has
long been recognized (2, 3, 43). Advanced prostate cancers
often have increased numbers of neuroendocrine cells, and
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androgen independence is correlated with elevated levels of
neuroendocrine markers in serum (2, 3, 19). Neuroendocrine
cells are known to secrete neuropeptides, which arc involved in
diverse biological processes, including cellular proliferation.
transformation, and invasion (74, 94). These neuropeptides.
exemplified by bombesin and NT, have been shown to be
potent in vitro mitogens (73, 74) and are implicated in a variety
of human malignancies in the lung (31, 36, 89, 90), breast (61,
64), and prostate (16, 44, 51, 56). For prostate cancers, it was
shown that the receptors for bombesin/gastrin-releasing pep-
tide (GRP) are present in all prostate cancer cell lines exam-
ined, including PC3, DU145, and LNCaP (9, 13, 55), and their
expression levels are increased in more-advanced tumor spec-
imens than in less-advanced tumor specimens (55). Bombesin
elicits calcium mobilization in PC3 and DU145 cells (9, 38) and
enhances the invasive properties of PC3 and LNCaP cells (44).
Similarly, NT induces mitogenic responses in PC3 and LNCaP
cells (80). The results of these studies suggest that neuropep-
tides are potential prostate cancer progression factors. The
mechanisms by which neuropeptides induce mitogenic and mi-
gration responses in prostate cancer cells remain unclear, al-
though the involvement of tyrosine kinases is suggested in
some of the reports (74, 75).

In this study, we report that in addition to its mitogenic and
chemotactic function for prostate cancer cells, neuropeptides
also activate the AR and induce androgen independence. This
suggests that neuropeptides and, by extension, neuroendocrine
differentiation may play a role in the transition from an andro-
gen-dependent to -independent state. This is particularly rel-
evant, considering that neuroendocrine differentiation of pros-
tate cancer cells can be induced by androgen withdrawa! (19)
and that androgen ablation therapy is widely used in the treat-
ment of prostate cancers. We also demonstrate in this report
that three nonreceptor tyrosine kinases, focal adhesion kinase
(FAK), Src, and Etk/BMX are involved in this process. All
three tyrosine kinases are known to be engaged in a variety of
signal pathways, including mitogenesis. migration, antiapopto-
sis, and reprogramming of gene expression. They have the po-
tential to activate a number of serine/threonine kinases, which
may modify the AR, leading to ligand-independent activation.
These tyrosine kinases not only activate but also form a com-
plex with one another. The receptors for bombesin and NT
engage G proteins (Gaq or Ga12). Our study thus reveals a
cross talk among G-proteins tyrosine kinases and nuclear recep-
tors. In addition to providing insight into the molecular pathways
whereby neuropeptides activate the AR, our results suggest that
tyrosine kinase inhibitors may be useful in conjunction with
androgen ablation in the treatment of prostate cancers.

MATERIALS AND METHODS

Cell culture and reagents. LNCaP cells (American Type Culture Collection,
Rockvilie, Md.) were maintained in RPMI 1640 medium with 109% fetal bovine
serum (FBS). PC3 cells were derived from a poorly differentiated human carci-
noma and lack AR expression. PC3(AR),, a variant line which expresses AR, was
established by stable transfection of a wild-type AR gene (40). The control cell
line PC3(M) was developed by transfection with an empty vecior carrying a
hygromycin resistance gene. PC3(AR), and PC3(M) were both maintained in
5% charcoal-stripped serum and hygromycin B (100 pg/ml). Bombesin, NT,
flutamide, and Flag antibody (M2) were obtained from Sigma. EGF, phorbol
myristate acctate (PMA), wortmannin, and 80900888 (PP2) were obtained
from Calbiochem-Novabiochem, Ltd. Monoclonal anti-Etk was purified from
Etk 13 monoclonal hybridoma culture medium using a protein A/G affinity
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column (Pierce). The Etk hybndoma was kindly provided by C. H. Tsai (National
Taman University, Taipet). Anti-T7 antibody was purchased from Novagen
(Madison, Wis.). Antibodies to phosphotyrosine (4G10) and to FAK and Src
{monoclonal GD11 and rabbit polyclonal antibodics) were purchased from Up-
stale Biotechnology Inc. (UBI) (Lake Placid, N.Y.). Phospho-AKT (Ser 473) and
AKT antibodies were obtained from Cell Signaling (Beverly, Mass.).

Plasmid constructs. PSA-Luc {-630/+12) was obtained by PCR-mediated
amplification of human genomic DNA using oligonucteotide primers corre-
sponding to the prostate-specific antigen (PSA) gene and ligated with
Hindl1L:Xhol-digested PGL-3 basic vector (Promega, Madison, Wis.). ARE,-luc
was constructed by inserting five tandem copies of the androgen-responsive
element (ARE) from the androgen-responsive, prostate-specific androgen pro-
moter (5-TGCAGAACAGCAAGTGCTAGC-3') upstream of the minimal
TATA box into the PGL3 basic vector (Promega). Plasmid pUXLUC (—126/
—120) contains two copics of the IL-8 AP-1 binding site from the IL-8 promoter
as described previously (48). The T7-tagged wild-type Etk (T7-pcDNA3Etk) or
dominant-negative mutant of Etk (T7-EtkDN) as well as the dominant-negative
mutant FAK (FAKY397F and FRNK) have been described previously (24, 66,
69) and ¢-Src (SrcKR) was kindly provided by June Zou (Cancer Center, Uni-
versity of California, Davis) (92)

Transfection and luciferase reporter assays. LNCaP cells were transiently
transfected using Lipofectin reagent (GIBCO/BRL), and PC3(AR); and
PC3(M) cells were transiently transfected using Fugene 6 from Roche (India-
napolis, Ind.) according to the manufacturer's instructions. Bricfly, luciferase
reporter construct (250 ng) containing either PSA-Luc or AREs-Luc was co-
transfected with 1 ug of expression vector as indicated or with pcDNA3 empty
vector into LNCaP cells in six-well plates for 24 h followed by incubation in
charcoal-stripped serum, phenol red-free medium with or without bombesin, NT
(100 nM), or R1881 (1 nM) (methyitrienolone; DuPont New England Nuclear)
as indicated for 24 h. Luciferase assays were performed on equal amounts of
protein (50 pg/sample). Luciferase activities in cell lysates were measured using
the Dual Luciferase assay system {Promega). Renilla luciferase expression plas-
mid, pRL-tk, was used as an internal control for transfection efficiency. The
results are presented as fold induction, which is the relative luciferase activity
(ratio of reporter luciferases/renilla luciferases) of the treated cells over that of
the control cells.

Immunoprecipitation and Western blotting. LNCaP cells were serum starved
for 24 h and then stimulated with 100 nM bombesin or NT for 30 min. Immu-
noprecipitation and Western blotting were performed as described previously
(66). Anti-pY antibody (UBI) was used to detect tyrosine phosphorytation of
FAK, Src, and Etk. Total FAK Src, or Etk detected with anti-FAK, anti-Src, or
anti-T7 antibody, respectively, was used as a loading control. Proteins were
probed by primary antibody and visualized by using an ECL kit (Pierce, Rock-
ford, Il1.) according to the manufacturer’s instructions. For the dose response of
Etk phosphorylation, the autoradiograms were scanned using a Gel Doc 1000
scanner (Bio-Rad), and the labeled bands were quantified using Molecular
Analyst software program (Bio-Rad).

BrdU labeling proliferation assay. LNCaP-EtkWT or LNCaP-EtkDN cells
(5 ¥ 10%) were seeded in 100 i of charcoal-stripped culture medium containing
serum per well in a 96-well, flat-bottom microtiter plate. The next day, the cells
were treated with various amounts of bombesin (0.1 to 1,000 nM) and incubated
for 4 days at 37°C with 5% CO,. The measurement was performed according to
the manufacturer's protocol for the 5-Bromo-2'-deoxyuridine Labeling and De-
tection Kit 1[I {Roche). Briefly, the cells were incubated with 10 uM bromode-
oxyuridine (BrdU) for 2 h at 37°C, and the labeled cells were washed with
washing buffer twice and then fixed with 200 p! of precooled ethanol per well for
30 min at —20°C. After fixation, the cells were then incubated with nuclease to
partially digest the DNA. The anti-BrdU-POD antibody was added to detect
incorporated BrdU. and the bound antibody was visualized with the soluble
chromogenic peroxidase substrate 2,2'-azinobis(3-cthylbenthiazolinesulfonic
acid) (ABTS), which yielded a colorimetric reaction. The plates were measured
using an enzyme-linked immunosorbent assay (ELISA) reader.

Tetrazolium compound (MTS) cell proliferation assay. The 60000008
(MTS) cell proliferation assay is a quantitative colorimetric assay for mammalian
ce!l survival and proliferation. LNCaP cells (5 x 10°) were grown in 100 l of
charcoal-stripped culture medium containing serum per well in a 96-well, flat-
bottom microtiter plate. After 24 h, the cells were treated in the absence or
presence of 10 uM PP2 or flutamide for 30 min and then treated with bombesin
or R1881 for another 48 to 72 h. Then 20 ul of MTS (CellTiter 96 AQueous One
Solution Reagent; Promega) was added to each well for 1 1o 4 h at 37°C. After
incubation, the absorbance was read at a wavelength of 490 nm according to the
manufacturer’s protocol.
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FIG. 1. Effects of bombesin (Bomb) and NT on growth of androgen-dependent prostate cancer cells. Parental LNCaP (A) and CWR22R (B)
cells were plated in medium supplemented with 10¢¢ charcoal-stripped FBS with 1 nM R1881 or with 50 nM bombesin or NT, and the numbers of
cells were counted at the indicated times. These results represent the averages of two independent experiments. Error bars indicate standard errors.

PSA enzyme immunoassay. The PSA protein was measured in cell culture
supernatants from LNCaP cells. LNCaP cells (2 X 10*) were grown in 1 m! of 2%
charcoal-stripped culture medium containing serum in the presence of bombesin
and NT for 72 h. PSA values were expressed in relation to cellular protein levels,
which were determined by the method described by Bradford (17).

RESULTS

Bombesin and NT induce androgen-independent growth of
LNCaP cells. It has been shown that bombesin and NT se-
creted by neuroendocrine cells exert chemotactic and mito-
genic effects on tumor cells in vivo and in vitro (80, 81). These
factors are also postulated to play an important role in prostate
cancer progression (see introduction). To directly demonstrate
their involvement in androgen-independent growth of prostate
cancer cells, we measured the effects of NT and bombesin on
the growth of the androgen-dependent prostate cancer cell line
LNCaP (Fig. 1A). As expected, the growth rate of LNCaP was
significantly reduced after androgen depletion. The addition of
either NT or bombesin restores the growth of LNCaP cells,
with kinetics and extent comparable to those of the synthetic
androgen R1881.

We also tested another androgen-responsive prostate cancer
cell line CWR22R, which was derived from a relapsed tumor
(83). Although not required, androgen modulates the in vitro
growth of CWR22R cells (58, 83). This was reproduced in Fig.
1B, where CWR22R cells were found to grow in the absence of
androgen (control) but with an increased rate in the presence
of androgen (R1881). NT and bombesin have comparable, if
not higher, potencies in stimulating the growth of CWR22R
cells. These experiments suggest that NT and bombesin can
substitute for androgen as growth factors for androgen-respon-
sive prostate cancer cell lines.

Bombesin and NT activate androgen-dependent promoters.
The above results suggest that bombesin and NT can substitute

for androgen in stimulating the growth of androgen-responsive
prostate cancer cells. There are two possible mechanisms: (i)
AR independent (the neurotrophic factors activate their own
growth pathways without the participation of the AR) and (ii)
AR dependent (the neurotrophic factors activate the AR with-
out the participation of androgen). To distinguish between
these two possibilities, we asked whether the AR is activated
and whether it is required. Reporter constructs driven by the
PSA promoter, known to be a target gene of the activated AR,
were used to assess AR activity (78). LNCaP cells were trans-
fected with the PSA (—630/+12) promoter-luciferase reporter
plasmid and treated with R1881, NT, or bombesin in charcoal-
stripped medium. At the optimal concentration of R1881 (1
nM), PSA luciferase activity was increased about 12-fold (Fig.
2A). In comparison, NT (100 nM) and bombesin (100 nM)
increased PSA luciferase activity 8- and 14-fold, respectively.
In support of this finding, we also observed that PSA secretion
is elevated by NT and bombesin treatment, indicating that the
endogenous PSA promoter was also activated (Fig. 2D).

To determine whether this activation requires the AR, we
exploit the isogenic PC3 and PC3(AR), cell lines. PC3 is a
prostate cancer cell line derived from a poorly differentiated
human carcinoma which lacks AR expression (34). PC3(AR),
was derived by transfection of wild-type AR gene and PC3(M)
by the vector only (40). If the activation of PSA-Luc by bomb-
esin and NT requires the AR, increased luciferase activity only
in PC3(AR),, but not in PC3 or PC3(M), is expected. The
results in Fig. 2B showed that PSA-Luc activity was induced
7.5-fold by R1881 and 3.5- and 4-fold by NT and bombesin,
respectively, in PC3(AR), cells but not in AR-deficient PC3
cells. These findings suggest that AR is required in the tran-
scriptional process.

To ensure that this activation is via AR binding to the ARE
as opposed to other promiscuous enhancer motifs in the PSA




{ rich4/mb-mcb/mb-mcb/mb2401/mo0470d01a | lahendr | S=5] 10/18/01 [ 12:13 | Ar: i Input-1st cisk, 2nd

4 LEE ET AL.

A

251
0520
3 815
< B
& <10
a3z
2 5]

0

Control R1881 NT Bomb

O

O PC3(AR):
B pc3(m)

ARE-Luc
Fold Induction

- N

Control R1881

Bomb

Mot CeLt. BioL

w

12
c107 O PC3(AR).
U= Q-
el B pc3(m)
iEe
oo 47 ﬂ
O
{1 2-
. Lo | l [I_
Control R1881 NT Bomb
D
E 6
€ 5-
S 47
% 31
8 21
(/9] -
3 o 1]
Control NT Bomb

FIG. 2. Effects of bombesin (Bomb) and NT on androgen-dependent PSA transcription. Stimulation of reporter gene activity in LNCaP and
PC3 cells stably expressing AR [PC3(AR),] or mock-transfected cells [PC3(M)] transfected with the reporter plasmids. (A) LNCaP cells were
transiently transfected with the PSA (—630/+12 Luc) plasmid and then treated with either R1881 (1 nM), bombesin (100 nM), or NT (100 nM)
for 24 h in medium with 10% charcoal-stripped FBS. (B) PC3(AR), and PC3(M) cells were transfected with the PSA (—-630/+12 Luc) plasmid.
After transfection, cells were treated with either R1881(1 nM), bombesin (100 nM), or NT (100 nM) for 24 h in medium containing 5%
charcoal-stripped FBS and 50 ng of hygromycin per ml. (C) PC3(AR), and PC3(M) cells were transfected with ARE.-Luc and treated with either
R1881 (1 nM), bombesin (100 nM), or NT (100 nM) for 24 h in 5% charcoal-stripped FBS. The results are taken from three independent
experiments. The ratio of ARE luciferase to pRL-tk luciferase represents relative luciferase activity. The fold increase indicates the ratio of the
normalized luciferase activities between the cells cultured without androgen and with androgen or bombesin. (D) Regulation of PSA secretion in
LNCaP cells by bombesin or NT. The cells were incubated in the presence of bombesin or NT for 72 h.

promoter, we transiently transfected PC3(AR), and PC3(M)
cells with a reporter construct, AREs-Luc that carries only
ARE as the enhancer. The luciferase activity was induced
6-fold by R1881 and 3.3-fold by bombesin. These data taken
together provide strong evidence that bombesin- and NT-in-
duced responses involve AR and ARE.

Bombesin induced cell growth requires a functional AR. The
induction of PSA transcriptional activity by bombesin appears
to be dependent on the AR, as implied by the above experi-
ments. To further test whether bombesin requires the AR for
mitogenesis, the antiandrogen flutamide was employed. As
shown in Fig. 3, preincubation of LNCaP cells with flutamide
blocked bombesin-induced cell growth. Flutamide inhibited
androgen-stimulated cell growth as expected. These results
lend further support to the notion that bombesin-induced cell
growth in LNCaP cells requires a functional AR.

Tyrosine kinases activated by bombesin and NT in LNCaP.
The above finding indicates that AR can be activated by neu-
rotrophic factors. It is not intuitively obvious how neuropep-
tides, which do not bind nuclear receptor, but rather G-pro-

tein-coupled receptor, can function as such. The receptors for
mammalian bombesin are GRP-R (gastrin-releasing peptide
receptor), NMB-R (neromedullin B receptor), BRS-3 (bomb-
esin receptor subtype 3), and the receptors for NT are NTR1
and NTR2. These receptors are coupled to Gaq and Gl2«
(75). Gagq is known to activate PLCB, resulting in calcium
mobilization and PKC activation. We first tested whether PKC
is involved in AR activation. Inhibitors of PKC did not appre-
ciably affect AR activation by bombesin and NT (data not
shown). We then turned our attention to other signal path-
ways. Increasing evidence suggests that G-protein signals en-
gage tyrosine kinases including nonreceptor tyrosine kinases
such as Src and Btk (32, 46, 52-54). Furthermore, as discussed
earlier, phosphorylation of ARs is shown to be an alternative
way of activation other than ligand binding. We then asked
whether tyrosine kinases are involved in bombesin- and NT-
induced AR activation. We took advantage of our knowledge
of the complete tyrosine kinase expression profile of LNCaP
cells as determined by an effective reverse transcription-PCR
approach developed in our laboratory. Based on this approach,
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FIG. 3. Inhibitory effect of flutamide on bombesin-induced cell
proliferation. LNCaP cells were preincubated in the absence or pres-
ence of flutamide (Flu) for 30 min before the addition of R1881 (1 nM)
or bombesin (Bomb) (100 aM) for 72 h under charcoal-stripped serum
conditions. Then 20 ul of MTS was added to each well for 2 h at 37°C.
After incubation, the absorbance or optical density at a wavelength of
490 nm (OD 49pnm) Was read as described in Materials and Methods.

we know there are 21 receptor tyrosine kinases and 11 nonre-
ceptor tvrosine kinases expressed in this cell type (50, 70). The
nonreceptor tyrosine kinases are Jak, Tyk2, Src, yes, csk, FAK,
Pyk2. Etk. Brk, Abl. and Arg. This information allows us to
quickly screen potential tyrosine kinases activated by bombesin
and NT, using immunoprecipitation with antibodies to individ-
ual kinases followed by Western blot analysis with antiphos-
photyrosine antibodies. Among the tyrosine kinases screened,
we found that FAK. Src, and Etk/Bmx (Fig. 4A to C, top blots)
are prominently activated as reflected by the increased tyrosine
phosphorylation on these proteins after neuropeptide treat-
ments. Immunoblotting with antibodies against individual ki-
nases confirm that similar amounts of each protein were
loaded in each lane (Fig. 4A to C, bottom blots). The activa-
tion of FAK and Src is consistent with previous reports in
different cell types (7, 72, 77). Our data confirm and extend
these observations to the prostate LNCaP cell line. The finding
regarding activation of Etk/Bmx by bombesin and NT is new
but is in agreement with the reports that Gaq and Gal2 are
activators of the Btk/Tec family of kinases, of which Etk/Bmx
is a member (15, 46, 53).

Etk/Bmx is a tyrosine kinase carrying multiple protein-pro-
tein interaction modules including a pleckstrin homology (PH)
domain, an Src homology 3 (SH3) domain, and an SH2 do-
main. It was first identified in bone marrow cells by Tamag-
none et al. (84); it was identified independently in prostate
cancer cells by our group (66, 70). In LNCaP cells, Etk is
expressed at a moderate level yet plays important roles in both
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FIG. 4. Bombesin (Bomb) and NT stimulate the tyrosine phosphorylation of FAK, Src, and Etk compared to control. Antiphosphotyrosine
Western blots of immunoprecipitates of FAK (A), Src (B), and Etk kinase (top blots of panels C to E). The protein expression level was confirmed
by immunoblotting with antibodies to individual signaling molecules (bottom blots). (D and E) LNCaP cells were transfected with T7-Etk or
T7-EtkDN (E42K and K444Q), a dominant-negative mutant, and selected by using 600 ug of G418 per ml. C, control; 1P, immunoprecipitation;

IB, immunoblotting; aFAK, anti-FAK antibody.
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FIG. 5. Dominant-negative Etk (A) and Src (C) inhibits bombesin-mediated cell growth using the BrdU labeling proliferation assay. (A)
LNCaP-pcDNA3, LNCaP-EtkWT, and LNCaP-EtkDN cells were incubated in the absence (bar 1) or presence of different concentrations of
bombesin as follows: 0.1 nM (bar 2), 1 nM (bar 3), 100 nM (bar 4), and I uM (bar 5) in 10% charcoal-stripped FBS for 72 h. At the end of
incubation, cells were fixed and stained with BrdU as specified by the manufacturer’s protocol and fold increase was measured by ELISA. Each
experiment was carried out in triplicate, and the error bars represent standard deviations. For each bar. the fold increase was normalized to the
value for the control group. (B) LNCaP cells were not treated (lane C) or treated with different concentrations (nanomolar) of bombesin (Bomb)
as indicated for 30 min. Tyrosine phosphorylation of Etk was analyzed by immunoprecipitation using anti-Etk antibody (IP:aEtk) followed by
Western blotting (immunoblotting) with anti-pY antibody (1B:ap-Y). Anti-phospho-tyrosine (top blot) (aEtk) (active Etk) and anti-T7 (bottom
biot) («T7) (total Etk) antibodies were used in Western blots (immunoblots [IB]) of Etk immunoprecipitates. Numbers under the bands indicate
the fold activation of Etk, as quantitated by video image densitometry. (C) LNCaP cells were preincubated in the absence or presence of PP2 (10
uM) for 30 min before the addition of R1881 (1 nM), or bombesin (Bomb) (100 nM) for 72 h under charcoal-stripped serum conditions. Then
20 ! of MTS was added to each well for 2 h at 37°C. After incubation, the absorbance or optical density at a wavelength of 490 nm (OD 00nm)

was read.

neuroendocrine differentiation and antiapoptosis processes eration potential was determined by the measurement of
(66, 95). A cell line (LNCaP-EtkDN), which harbors a domi- ELISA-based BrdU incorporation (see Materials and Meth-
nant-negative ETK KQ, shown to be effective in reversing the ods). As shown in Fig. SA. in LNCaP-pcDNA3 and LNCaP-
Etk-dependent phenotypes of LNCaP, was used in this study EtkWT cells, 0.1 nM bombesin induced a five- and sixfold
(66, 95). This cell line, in contrast to the parental LNCaP cell increase in proliferation. respectively, over that of untreated
line (Fig. 4C) and a cell line transfected with wild-type Etk samples. A 10-fold increase was observed when the concentra-
(Fig. 4D), failed to display neuropeptide-induced phosphory- tion of bombesin was increased to 100 nM. This increase of
lation (Fig. 4E), confirming the kinase-dead nature of the Etk proliferative capacity is paralleled by an increase of the Etk
mutant and that enhanced phosphorylation is contributed pri- tyrosine phosphorylation (Fig. 5B). In stark contrast, LNCaP-
marily by autokinase activity. EtkDN cells were not at all responsive to bombesin-stimulated

Roles of Etk and Src tyrosine kinase in bombesin-mediated growth. These data, taken together, suggest that Etk activity
androgen-independent growth. The LNCaP-EtkDN cell line is critical in bombesin-induced androgen-independent cell
affords us an opportunity to assess directly the involvement of ~ growth. It should be noted that our previous work (95) repro-
Etk in androgen-independent growth induced by bombesin. duced in the present study (data not shown) showed that the
LNCaP cell lines transfected with wild-type Etk or with growth kinetics of LNCaP-EtkDN cells is no different from
pcDNA vector were used as positive controls. The cell prolif- that of wild-type LNCaP cells in the presence of androgen.
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LNCaP-EtkWT, or LNCaP-EtkDN cells were cotransfected with pRL-tk vector and PSA-Luc reporter. Cells were then treated with R1881 (1 nM)
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pRL-tk vector and AP-1-Luc reporter (pUXLUC2X(—126/~120). Cells were then treated with EGF (10 ng/m}) or PMA (1 nM) for 24 h. The fold
increase represents the ratio of the normalized luciferase activities between the cells cultured without and with EGF or PMA. The results are taken

from three independent experiments.

These data suggest that Etk tyrosine kinase specifically partic-
ipates in growth pathway affected by neuropeptides but not by
androgen.

Taking advantage of the selective inhibitor of Src, PP2, we
wish to test the involvement of Src in bombesin-induced cell
proliferation of LNCaP cells. The MTS assay was performed
on LNCaP cells treated with pyrazolopyrimidine PP2, at a
concentration of 10 uM, which selectively inhibits Src family
kinases (39, 72). As shown in Fig. 5C, PP2 specifically blocks
bombesin-induced LNCaP cell proliferation, but not andro-
gen-induced proliferation (Fig. SC), confirming the role of Src
in bombesin-induced cell proliferation.

Roles of FAK, Sre¢, and Etk in bombesin-induced AR acti-
vation. To study whether Etk, FAK, and Src are involved in the
activation of the AR by bombesin, bypassing the need for
androgen, we used the ARE-Luc reporter transactivation as-
say. For AR activation by Etk, the AREs-Luc reporter was
transfected into LNCaP-pcDNA3, LNCaP-EtkWT, or LNCaP-
EtkDN cells (Fig. 6A). In LNCaP-EtkWT cells and in LNCaP-
pcDNA3 cells, both R1881 and bombesin induce luciferase
activity driven by the ARE, whereas in LNCaP-EtkDN cells,
the activity is largely reduced in bombesin-treated cells but not
in R1881-treated cells. To ensure that the observed unrespon-
siveness is not due to some peculiarity of LNCaP-EtkDN cells,
we tested the abilities of EGF and PMA to activate AP-1
luciferase activity in this cell type (Fig. 6B); AP-1 activity is
induced at the same level as those in LNCaP-EtkWT and
LNCaP cells.

To test the involvement of Src and FAK in AR activation,
ARE reporter construct and dominant-negative mutants of
FAK or Src, FRNK and SrcKR, respectively, were cotrans-

fected into LNCaP cells (Fig. 7). Bombesin induced ARE
luciferase activity in vector-transfected cells but not in cells
transfected with the dominant-negative mutants of Src and
FAK. These data suggest that FAK and Src, like Etk, are also
involved in bombesin-induced AR activation.

At present, we do not know exactly how this activation is
accomplished, although it is unlikely that Etk directly phos-
phorylates AR on tyrosine residues. More likely, Etk transmits
the signals through other serine/threonine kinases or coactiva-
tors, which activate the AR (see Discussion). The search for
downstream signal pathways is in progress. In the ensuing
section, we demonstrate data that addresses the upstream sig-
nals from bombesin to the activation of Etk.

Roles of FAK in Etk and Src activation. Having shown that
Etk plays an important role in bombesin-induced androgen-
independent growth and AR activation, we were interested in
studying how bombesin activates Etk tyrosine kinase. The ac-
tivation of Etk, like other Btk/Tec family kinases, is thought 10
require two steps: (i) disruption of the internal folding between
the PH domain and the kinase domain by lipids, such as PIP,
(phosphatidylinositol triphosphate) (66), or proteins (47) that
have high affinity toward the PH domain; and (ii) phosphory-
lation of a tyrosine residue by Src-like kinase to activate the
catalytic activity (6, 67). We recently reported that the FERM
domain of an activated FAK associates tightly with the PH
domain of Etk (25). We therefore asked whether FAK, which
is activated by bombesin (Fig. 3), is involved in the activation
of Etk in LNCaP cells. To this end, hemagglutinin (HA)-
tagged wild-type FAK or dominant-negative mutant HA-
FAKY397F or HA-FRNK was cotransfected with T7-Etk into
LNCaP cells. The phosphorylation of Etk was measured after
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bombesin treatment. Figure 8 shows that bombesin strongly
activates Etk in vector-transfected LNCaP (Fig. 8A, lanes 1
and 2) or in wild-type FAK-transfected LNCaP (Fig. 8A, lanes
4 and 5). FAKY397F has a greatly diminished kinase activity
and failed to bind both Src and PI3K (21). Another dominant-
negative mutant, FRNK, is a C-terminal variant of FAK, which
does not have a kinase domain but retains the focal contact
domain (69). Expression of either dominant-negative mutant
of FAK (HA-FAKY397F or HA-FRNK) greatly reduced Etk
activation by bombesin (Fig. 8A, lanes 6 and 7), suggesting
FAK is an activator of Etk. At the same time, HA-FAKY397F
also diminishes the activity of Src (Fig. 8B), suggesting that
FAK Y397 binding contributes to Src activation. There are
several mechanisms by which FAK can activate Etk. FAK can
activate Etk directly or indirectly through Src and PI3K. The
above mechanisms are not mutually exclusive. We proceeded
to investigate the involvement of Src and PI3K in Etk activa-
tion.

Role of Src in Etk activation. To test the role of Src in Etk
activation, we used PP2 or dominant-negative mutant SrcKR.
Both experiments yielded convergent results, indicating that
Src activity is required for bombesin-induced Etk activation.
Figure 9A showed that PP2 treatment or SrcKR transfection
significantly diminishes Etk activity (Fig. 9A, compare lanes 4
and 6 to lane 2).

Role of PI3K in Etk activation. We previously showed that
Etk, like other Btk/Tec family kinases, is activated by PI3K,
presumably via the binding of the Etk PH domain to PIP3, the
metabolic product of PI3K. Specifically, we showed that PI3K
is required for IL-6-induced activation of Etk (66). Since FAK
is known 1o be an activator of PI3K, we were curious whether
PI3K is involved in Etk activation. In contrast to PP2, wort-
mannin, an inhibitor for PI3K, had little effect on bombesin-
induced activation (Fig. 9A, lane 3 versus lane 2). To ensure
that wortmannin worked as intended, we included AKT phos-
phorylation (a known indicator of P13K activity) as a control.
Wortmannin completely abolishes the phosphorylation of
AKT, based on the lack of signal in the immunoblot with
phospho-AKT antibody (Fig. 9B, lane 3)

To further demonstrate that FAK activation of Etk is
through Src, but not PI3K, we used a FAK mutant, FAKD395A,
that preserves the Y397 binding context for Src but not PI3K
(68). We predicted that this mutant should still activate Etk.
and this is indeed the case: FAKD395A only slightly decreased
Etk activation (Fig. 8, compare lanes 2 and 3) confirming a
major role for Src but not P13K in Etk activation.

FAK, Src, and Etk form a stable in vivo complex. Our data
provide evidence that the three nonreceptor kinases FAK, Src,
and Etk are all activated upon bombesin treatment of LNCaP
cells. Since we know from previous reports for different cell
types that FAK interacts with Src (21), Src interacts with Etk
(85), and Etk interacts with FAK (25), we were curious to
determine whether a complex involving all three components
can be found in bombesin-treated LNCaP cells. The results
using the LNCaP-EtkWT cells showed that immunoprecipi-
tates of FAK contain Etk, based on Western blot results with
T7 (Etk) antibody (Fig. 10C). The formation of this complex,
however, does not depend on bombesin treatment, indicating
that in LNCaP cells, the Etk and FAK complex has already
formed (Fig. 10C, lanes 1 and 2). By contrast, the formation of
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FIG. 7. Dominant-negative mutant of Src (SrcKR) and FAK
(FRNK) blocks bombesin-induced AR pathway. LNCaP cells were
cotransfected with the PSA-Luc reporter and a pRL-tk reporter plus
SrcKR or FRNK or an empty vector and cultured in 5% charcoal-
stripped FBS. The ratio of ARE luciferase to pRL-tk luciferase rep-
resents relative luciferase activity. The fold increase indicates the ratio
of the normalized luciferase activities between the cells cultured with-
out bombesin and with bombesin (Bomb). The results are taken from
three independent experiments.

a complex between Src and Etk depends on bombesin (Fig.
10G, lanes 1 and 2). To further confirm that these associations
are specific, we also performed experiments using a nonspecific
Flag antibody. The results showed that immunoprecipitates of
FAK and Src were not detected after immunoblotting with
Flag antibody (Fig. 10D and H), which suggests that the inter-
actions of FAK-Etk and Src-Etk are specific. These findings.
together with those of Salazar and Rozengut (77) showing that
FAK-Src association depends on treatment with bombesin,
suggest that FAK is likely the scaffold that pulls these two
components together. Based on the above results, we showed
that bombesin induces the formation of a signal complex with
three activated tyrosine kinases that has the potential to trans-
mit a phosphorylation cascade that can modify the AR. It is
likely the combined action of these phosphorylations that
make this pathway particularly active.

DISCUSSION

There are several significant findings in this study. (i) We
establish that neuropeptides such as bombesin and NT are able
to substitute for androgen in sustaining the growth of andro-
gen-dependent LNCaP cells, raising the possibility that neu-
roendocrine cells and their released paracrine factors play im-
portant roles in prostate cancer progression. (ii) We show that
these neuropeptides are able to activate androgen-dependent
promoters and that this process requires a functional AR,
implicating their involvement during the transition from an
androgen-dependent to -independent state. (iii) We show that
bombesin and NT activate a signal complex involving three
nonreceptor tyrosine kinases, FAK, Src, and Etk/Bmx, con-
necting G-protein signaling to that of tyrosine kinases in pros-
tate cancer cells. These kinases are known to be involved in cell




[richa/mb-mcb/mb-meb/mb2401:m50470d01a | lahendr | S=5 10/18/01 [ 12:13 | Att: - Input-1st disk, 2nd |

Vo 21, 2001

A

pcDNA3

o

w HA-FRNK

EFFECTS OF NEUROPEPTIDES ON PROSTATE CANCER CELL LINE 9

B

', m

w FAKY397F

IP:aEtk

; . W HA-FAKD395A

IB:ap-Y IP:atSrc
B:ap-

IP:aHA(FAK) - IB:ap-¥
. IP:aSre
IB:aFAK IBroiSro

IP:aEtk

S e

1 2 3

L L.
4 5 6

7

IB:aT7(Etk)
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bombesin. (A) Cells were cotransfected with wild-type Etk or T7-Etk with one of the following plasmids: vector, wild-type FAK, HA-FAK. or
dominant-negative mutant HA-FAKD395A, HA-FAKY397F, or HA-FRNK. After transfection, LNCaP cells were then treated with 100 nM
bombesin (lanes B) or untreated control (lanes C) for 30 min as indicated and subsequently lysed. Tyrosine phosphorylation of Etk was analyzed
by immunoprecipitation using anti-Etk antibody (IP:aEtk) followed by Western blotting (immunoblotting) with anti-pY antibody (IB:ap-Y) 4G10
(top blots). The membrane was analyzed further by Western blotting using T7 antibody {IB:aT7(Etk)] (bottom blots). Half of the cell lysates
described for Etk were immunoprecipitated with HA antibody [IP:aHA(FAK)] followed by blotting with FAK polyclonal antibody (IB:aFAK)
(middle blots). (B) LNCaP cells were transfected with FAKY397F or empty vector, pcDNA3, and the lysates were immunoprecipitated with
monoclonal Src antibody (IP:aSrc) and immunoblotted with anti-pY antibody (IB:ap-Y) (top blot) and anti-Src polyclonal antibody (IB:aSrc)

(bottom blot).

motility, transformation, and antiapoptosis. respectively, which
may account for some of the properties associated with neu-
ropeptides. (iv) We present evidence that these tyrosine ki-
nases are also involved in the induction of androgen indepen-
dence, identifying them as potential therapeutic targets. (v)
Finally, we demonstrate that Etk/Bmx, can be activated by
FAK, possibly through Src, without significant involvement of
PI3K, providing new insight into the activation mechanism of
Btk/Tec family kinases.

Neuroendocrine cells and prostate cancer progression. It
has long been recognized that neuroendocrine cells are present
and intermingled with healthy prostate or prostate cancer ep-
ithelial cells (2, 3). Some reports suggest that neuroendocrine
cells increase in number during prostate cancer progression (4,
5). It has been proposed that cells may act as a source for
paracrine factors that support androgen-independent growth,
survival, and migration of the surrounding cancer cells (8, 10).
We and others showed that LNCaP can be transdifferentiated
by cytokine IL-6 (66) or cyclic AMP agonists (27, 28) into
neuroendocrine cells with neuronal morphology. These cells
are postmitotic and unable to grow but release neurotrophic
factors which potentially can stimulate the growth of the sur-
rounding undiffentiated cancer cells. Among the factors re-

leased by neuroendocrine cells, bombesin/GRP has been stud-
ied most extensively as an autocrine and paracrine growth
factor for many tumor types (9, 42). Bombesin is both a growth
factor and migration factor for fibroblasts, lung cancer cells,
and prostate cancer cells. In this study, we showed that it may
also be a progression factor for androgen independence. Ther-
apeutic modalities based on antagonists of GRP or its receptor
have already been developed, and some are currently under-
going clinical trials (79). Our results that bombesin/GRP in-
duces androgen independence via tyrosine kinases suggest that
tyrosine kinase inhibitors, which have shown great promise in
cancer treatments, may also be used as a combination therapy.

Signal pathways activated by neuropeptides. Both bombesin
and NT bind to the G-protein-coupled receptor (14, 98). The
engagement of Gaq to the receptor liberates Gy, which ac-
tivates phospholipase B (PLCB) (41, 62). PLCB produces ino-
sitol 1,4,5-triphosphate which mobilizes Ca®* from internal
stores and diacylglycerol which in turn, activates PKC (23, 35,
59). A recent study by Buhl et al. showed that Gal2 is also
activated by bombesin (18). Ga12 directly associates with Rho-
GEF which activates small G-protein Rho (27, 28). Activation
of Rho leads to actin polymerization, an important step in cell
motility. How and whether these signals generated from G
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FIG. 9. Src, but not PI3K, is critical in bombesin-induced Etk activation. (A and B) PP2 blocks the activation of Etk by bombesin (Bomb).
LNCaP-EtkWT cells were serum starved for 24 h. The cells were then pretreated with 100 nM wortmannin (Wort), 10 uM PP2, or dimethyl
sulfoxide (control or C [lanes 1 and 5]) for 30 min and then treated with bombesin for 30 min as indicated (Bomb or B) (lanes 2 to 4). A
dominant-negative Src (c-SrcKR) blocks the activation of Etk by bombesin (lanes 5 and 6). LNCaP cells were cotransfected with Src and Etk
dominant-negative mutant (EtkDN and c-SrcKR). At 24 h posttransfection, cells were serum starved for 24 h and treated with bombesin (lane B)
for 30 min as indicated. The cell extracts were immunoprecipitated with anti-Etk (IP:aEtk) and then immunoblotted with anti-pY antibody
(IB:ap-Y) (top blots) and anti-T7 antibody [IB:aT7 (EtK)] (bottom blots). (B) The cell extracts were immunoblotted with anti-phospho-AKT
antibody (IB:ap-AKT) (top blot) and anti-AKT antibody (IB:aAKT) (bottom blot).

proteins are connected to AR activation is presently unclear.
Salazar and Rozengurt (77) showed that in fibroblasts, bomb-
esin-induced actin clustering leads to the activation of FAK
tyrosine kinase and a rapid increase in the formation of FAK-
Src complexes. This process depends on the integrity of the
actin filament network, but not on Ca®™ or PI3K (75). Our
results for LNCaP cells are in agreement with this finding, and
we propose the following model (Fig. 11) depicting the signals
connecting bombesin to the activation of three kinases and
eventually to the AR.

Involvement of nonreceptor tyrosine kinases FAK, Src, and
Etk/Bmax. FAK was originally discovered as a substrate of Src
and a kinase activated by integrin clustering (63). FAK, local-
ized in focal adhesion and membrane ruffles, is now thought to
play a role in cell motility rather than the formation of focal
complexes. FAK is comprised of three domains, the N-termi-
nal FERM domain, a protein-protein interaction domain with
homology to band 4.1, the tyrosine kinase domain, and the
C-terminal F-actin binding domain. Initial activation of the
FAK autokinase is accomplished by actin polymerization or
integrin clustering (71), leading to the phosphorylation of
Y397, which then serves as the anchor site for either Src or
PI3K. The interaction of Y397 with the SH2 domain of Src
activates Src kinase activity. The activated Src in turn phos-
phorylates Y576 and Y577 of FAK, leading to the full activa-
tion of FAK (72, 74, 75, 77). This is a case where two kinases
act synergistically with each other to reach maximal activity.
One of the dominant-negative mutants used in this study,
Y397F, is not able to bind Src, and as a result achieves only
basal activation levels. The second mutant, FRNK, corre-
sponds to the C-terminal part of FAK which competes with
wild-type FAK for localization to focal contacts but lacks ki-
nase activity to transmit a downstream signal. FRNK was
shown to be a potent dominant-negative mutant in blocking
migration and other phenotypes induced by FAK (69). A third
mutant, D395A, was engineered to maintain the binding con-

text around Y397 for Src, but not PI3K. As a result, this mutant
is capable of activating only Src, not PI3K (24).

In addition to FAK and Src, our survey of bombesin-acti-
vated tyrosine kinases revealed that Etk/Bmx is also activated.
Etk/BMX is a tyrosine kinase characterized by having a PH
domain at the N terminus and is in the Btk or Tec family of
kinases (84, 86, 88). The PH domain, which has a protein-lipid
interaction domain as well as a protein-protein interaction
domain, regulates Etk activity by a two-step mechanism. The
first involves the binding of the PH domain to its lipid-ligand
PI(3,4,5)P3, a product of PI3K, or a protein-ligand such as
protein-tyrosine phosphatase D1 (47). This binding presum-
ably opens up the kinase domain, allowing Src-like kinases to
phosphorylate tyrosine residue 566, which activates the intrin-
sic kinase activity of Etk (26, 49). Recently, we showed that the
FERM domain of FAK associates with Etk and serves as a
ligand to activate Etk (25). The present study extends this
observation and demonstrates that FAK, Src, and Etk are
engaged in the formation of a complex in bombesin-treated
cells. The association between FAK and Etk appears to be
preformed, whereas that of Src is induced by neurotrophic
factors (Fig. 11). Dominant-negative mutants of FAK and Src
inhibitors abolish the Etk activation, while the PI3K inhibitor
wortmannin has no effect. This is consistent with the model
depicted in Fig. 11 that FAK, Src, and Etk form a complex,
with the potential for mutual activations. Within this complex,
FAK activates Src (77) and Src activates Etk (85). At the same
time, Src is known to activate FAK (21) and FAK has been
shown to activate Etk (25). The result is the activation of three
tyrosine kinases which each have the potential to transmit
phosphorylation signals to the nucleus, resulting in AR activa-
tion. Although in this study we focused on the androgen-inde-
pendent growth aspect of LNCaP cells, it is likely that this
complex is also involved in enhanced migration (@. ®. Yang
and @. Evans, personal communication).
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FIG. 10. Etk interacts with FAK and Src in cells. LNCaP-EtkWT
cells were either not treated or treated with 100 nM bombesin for 30
min. After 48 h posttransfection, cells were not treated (control [C])
(lanes 1) or treated with 100 nM bombesin (Bomb) (lanes 2). The
expression of FAK, Etk. or Src was analyzed by Western blotting
(immunoblotting [IB]) using either anti-FAK («FAK) (A), anti-T7
(Etk) [aT7 (Etk)} (B and F), or anti-Src {(aSrc) (E) antibodies, respec-
tively. Half of the cell lvsates used above for panels A and D were
incubated with anti-FAK antibody and anti-Src antibody, and the im-
munoprecipitates were then Western blotted (immunoblotted) with
anti-T7 (Etk) antibody [IB: aT7 (Etk)] (C and G), respectively, to
detect the association of Etk with FAK and Src. The blots from panels
C and G were stripped and then Western blotted with anti-Flag anti-
body (IB: aFLAG) (D and H).

Role of Etk in androgen independence. Previous work from
this and other labs showed that Etk/Bmx is involved in cellular
transformation, antiapoptosis, and differentiation processes of
various cell types (66, 85, 95). The present study showed that
Etk and Src are required for androgen-independent growth
and the activation of the AR pathway. We have not addressed
how Etk/Bmx or the FAK-Src-Etk complex channels the sig-
nals to the AR. We presume that it is through phosphorylation
of the AR by downstream kinases. As discussed earlier, MAPK
and AKT have been found to be mediators of androgen-inde-
pendent activation of the AR. Both kinase pathways are acti-
vated by FAK and Src. and AKT was shown to be activated by
at least one member of the Tec family of kinases (22). Indeed,
recently we have observed that MAPK can be activated by
bombesin and that activated MAPK phosphorylated the AR in
an in vitro kinase assay (L.-F. Lee and H.-J. Kung, unpublished
data). In addition, Etk has the potential to activate a number
of other serine kinases, such as PAK (11) and PKC (65), which
may also participate in a yet unknown role in AR activation.
Alternatively, the target of phosphorylation may be coactiva-

EFFECTS OF NEURQOPEPTIDES ON PROSTATE CANCER CELL LINE 1l

bombesin

Gal2, Gaqg

AR¥*
FIG. 11. Summary of the signaling pathway that connects neu-
ropeptides to the AR.

tors or corepressors of AR. The association of coactivators or
dissociation of corepressors are responsible for AR activation.
Phosphorylation of these modulators may change their affini-
ties towards AR, resulting in activation of the AR. Among the
known targets of Etk, STAT3, when phosphorylated and acti-
vated, was shown to render AR active (26, 85). Experiments to
define the downstream pathway leading to AR activation by
Etk or the FAK-Src-Etk complex are in progress.

In summary, neurotrophic factors have been implicated in
prostate cancer progression (9). Here we show that, in addition
1o their roles in the stimulation of growth and metastasis of
prostate cancer cells, they also induce androgen independence
and thus may be involved in the initial transition from an
androgen-dependent to -independent state. They do so by ac-
tivating a signal complex consisting of three nonreceptor ty-
rosine kinases, FAK, Src, and Etk. This new pathway integrates
signals generated by G-protein-coupled receptors, tyrosine ki-
nases, and hormone receptor.
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